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„Byłem przed chwilą w bezkresie! 
Dzień się potykał z mym ciałem... 
To ja tak złocę się w lesie... 
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Pomiędzy mną a modrzewiem... 
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Pobiegnę w chabry nieznane, 
W kąkolu całą dal zmieszczę! 
I przyjdę i zmartwychwstanę - 
I będę wiedział raz jeszcze!...” 
 
(Bolesław Leśmian „Wiedza”) 
 
  
Rodzicom 
 
 
 Table of content 
Chapter 1: General Introduction 1
Chapter 2: 
 
 
Reduction of protein adsorption on silica and polystyrene 
surfaces due to coating with Complex Coacervate Core 
Micelles 
19
Chapter 3: 
 
 
Reduction of protein adsorption on silica and polysulfone 
surfaces coated with Complex Coacervate Core Micelles with 
poly(vinyl alcohol) as a neutral brush forming block 
51
Chapter 4: 
 
Grafted Block Ionomer Complexes and their effect on protein 
adsorption on silica and polystyrene 
77 
Chapter 5: 
 
Grafted Ionomer Complexes and their effect on protein 
adsorption on silica and polysulfone surfaces 
109
Chapter 6: 
 
Formation and structure of Ionomer Complexes from grafted 
polyelectrolytes 
137
Chapter 7: 
 
 
On the stability of polymer brushes formed upon adsorption of 
Ionomer Complexes on hydrophilic and hydrophobic surfaces 
under shear 
169
Chapter 8: General discussion 203
 Summary 217
 Acknowledgments 237
 Curriculum Vitae 239
 List of publications 241
 
  
 Chapter 1 
General Introduction 
General introduction 
 2 
One of the most common reasons for a short life and failures of various industrial and 
medical devices is formation of biofilms on their surfaces[1]. Once a biofilm growth 
reaches a certain threshold, i.e. when it starts affecting the performance of an 
installation or a device, it is referred to as “biofouling”. Biofouling affects industrial 
membrane installations[2], heat exchangers[3], cooling systems[4], and marine 
industry[5]. It does not only result in higher operational costs, but it also may have a 
negative impact on the environment. For instance, in marine environment biofilms 
contain slime producing diatoms[6] that adhere to all kinds of surfaces, including ship 
hulls. As a result the hydrodynamic drag of the ship increases resulting in increasing 
fuel consumption. In industrial membrane installations biofouling causes severe 
pressure drops and again, results in high energy consumption and operational costs. 
Biofilms growing in water distribution systems[7] or medical devices, like contact 
lenses[8], catheters[9], or implants[10], may have severe consequences for human 
health. 
The process of biofilm formation occurs in steps[11]. Initially, organic molecules (e.g. 
proteins) adsorb on the surface forming a conditioning film, subsequently bacteria 
start accumulating on the surface. The initially weak attachment of bacteria becomes 
stronger in time as they produce a protective film by excreting extracellular polymeric 
substances (EPS)[12] followed by growth and maturation of the biofilm. Once the 
biofilm develops it becomes robust and protects organisms living in it. Common 
measures to deal with unwanted biofilms are (i) a mechanical removal of biofilms with 
scrubbers e.g. from ship hulls, or back flush, e.g. in a membrane module, (ii) physical 
methods like removal with ultrasounds, electrical current, or UV radiation, (iii) 
chemical treatment with biocides or other toxic chemicals, like chlorine[13]. All 
abovementioned methods fail on the long term as (i) the mechanically cleaned 
surfaces are again re-exposed to the conditions enhancing biofilm growth, (ii) 
application of physical methods results in high energy costs, and (iii) biocides cannot 
effectively penetrate the protective EPS layer of the biofilm so that close to the 
affected surface living organisms remain, effectively restoring the biofilm. Moreover, 
use of aggressive and toxic chemicals is prohibited in many countries and 
applications. 
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A conclusion that emerges from the above is that in order to effectively suppress and 
control biofilm formation, measures have to be taken before the biofilm actually 
develops. One of the possible solutions is to modify a surface such that it limits 
protein adsorption, and thus the formation of the conditioning film, which would 
influence bacterial adhesion. A possible solution is the development of protective 
polymeric surface coatings[14-16]. Such coatings modify the properties of the 
surfaces. Many coatings, for instance poly(ethylene oxide)[17] or poly(vinyl 
alcohol)[18] coatings, increase hydrophilicity of the surface, thereby reducing the 
possibility of hydrophobic interactions. Another way to prevent adhesion on the 
surface is to make it super-hydrophobic (so called “lotus effect”)[19-21]. Some 
coatings are designed to lower the surface energy and change the topography of the 
surface preventing bacterial adhesion and growth[11,22]. Some of the coatings are 
designed to have bactericidal properties[23-26]. 
The focus of this thesis is on the application of polymeric brushes that can prevent 
deposition of “particles” (e.g. protein molecules, micro-organisms), and thus suppress 
the formation of a biofilm on functional surfaces, for instance on membranes for 
water purification. We have chosen to focus on adsorption of proteins as the model 
foulants as these are the most simple and the most well defined molecules relevant 
in the biofouling problem. 
Protein adsorption at solid-liquid interfaces 
Protein adsorption on solid-liquid interfaces has been extensively studied for many 
years[27-33]. Proteins are complex molecules with locally different surface 
properties, i.e. areas of different charge and hydrophobicity. This allows them to 
adjust and to adhere to practically any kind of interface. Interactions driving protein 
adsorption on solid-liquid interfaces are complex as they are influenced by properties 
of the surfaces, the proteins and the solvent, which, moreover, change during the 
course of the adsorption process. The main processes taking place during protein 
adsorption are redistribution of the charged groups due to the overlap of electric 
fields, partial dehydration of the protein molecule and the surface, and structural 
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rearrangements of the protein molecule[31,34]. The extent of structural 
rearrangement and, hence the change in biological functioning, depends on the 
structural stability of the native structure. A relatively stable protein, like lysozyme, 
may retain its structure after adsorption and maximize the strength of interaction with 
the surface by rearranging its position upon adhesion. 
The main interactions between surfaces and proteins are hydrophobic interactions, 
electrostatic interactions, and multiple hydrogen bonding[35]. With respect to protein 
adsorption, the most important parameters characterizing a solid-liquid interface are 
its hydrophobicity and the charge[34]. Most of the surfaces are charged in aqueous 
solution due to association or dissociation of functional groups and/or specific 
adsorption of ions. In equilibrium this charge is compensated by opposite charges in 
the surrounding aqueous solution. Thus, near the interface an electrical double layer 
is formed. Its thickness depends on the concentration of the ions in solution. As the 
salt concentration increases electrostatic interaction between the protein and the 
surface weakens due to the screening of the charges and compression of the 
electrical double layer. Another important factor is the heterogeneity of the surface on 
the level comparable to the size of the protein molecule. In case of heterogeneous 
surfaces, for instance polymeric surfaces, the adsorption would be governed by local 
surface properties rather than its global characteristics. The properties of surfaces 
may change significantly when they are immersed in a solution. For instance 
hydrophilic surfaces may develop a gel-like aqueous layer close to the interface. 
Furthermore, the sorbent surface is modified by adsorbing proteins. 
Polymer brushes and their effect on protein adsorption 
A polymer brush is a layer of polymer chains terminally attached to the interface. If 
the grafted polymer has no affinity to the surface, at low density it forms coiled 
structures called “mushrooms”. As the concentration of the chains on the surface 
increases, the attached chains are forced to stretch normal to the interface due to the 
steric repulsion between neighbouring polymer chains[36-38] (Figure 1). This is 
commonly called a “brush”. 
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Polymer brushes can be formed by chemical attachment of the polymer chains with 
functionalized end groups to the interface (“grafting to”) or by surface polymerization 
(“grafting from”). In the “grafting from” method the surface to be covered is coated 
with primers and immersed in a monomer solution. During the polymerization 
reaction a polymeric chain “grows” from the surface. Another way to create a brush is 
by adsorption of block copolymers. In this method a copolymer is used which 
contains a block having a high affinity to the surface and another one having a strong 
interaction with the solvent. However, this method may result in a brush of low 
density, as the already adsorbed chains hinder adsorption of the next ones due to 
steric repulsion. One way to overcome this problem is to create a brush employing 
Langmuir-Blodgett[39,40] or Langmuir-Schaeffer[41] transfers. A block copolymer 
with a highly hydrophilic and a highly hydrophobic block is spread on an air-water 
interface, compressed to the desired density, and then transferred to the required 
substrate. A similar method based on differences in hydrophobicities of polymeric 
blocks is used, for instance, during modification of polymeric membranes[17]. A 
copolymer is added to the polymer melt used to cast the membrane. Subsequently, 
the membrane is cast and precipitated in a non-solvent. During the precipitation 
process the copolymer segregates to the solid-liquid interface in such a way that the 
hydrophobic block is anchored in the membrane material and the hydrophilic block 
forms a brush extended into the (aqueous) solvent. The stability of the polymer brush 
depends on the strength of its attachment to the surface, chemical properties of the 
brush forming polymers, and environmental conditions. 
The two main parameters characterizing a polymer brush are the thickness (or 
height) of the layer and the density[42]. A sufficiently dense brush prevents 
penetration by protein molecules and, hence, prevents adsorption of protein onto the 
solid surface (primary adsorption). Penetration of proteins in a dense brush would 
lead to an increased polymer segment density in the brush which, in turn, causes 
osmotic repulsion. In addition the conformational entropy of the polymer chains would 
decrease. Thus, to reach the solid surface the protein molecules have to overcome a 
free energy barrier, which implies that primary adsorption is suppressed for kinetic 
reasons. The thickness of the brush influences electrostatic and van der Waals (or 
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dispersion) interaction and, therewith, the propensity of the protein to adsorb at the 
outer edge of the brush (secondary adsorption)[42]. For secondary adsorption, 
interaction between the protein and the brush is usually much weaker than between 
the protein and the bare surface, and if molecules do adsorb onto the brush they may 
be readily removed, e.g. by shear[43]. Because dispersion interaction with the brush 
layer is extremely weak, the affinity for secondary adsorption diminishes with 
increasing thickness of the brush layer. If a protein interacts favorably with the 
polymer chains it may be accommodated within the brush (tertiary adsorption)[44]. 
Electrostatic attraction between the protein and the brush can be eliminated by 
forming brushes with electrically neutral polymers. The brush composition has to be 
adjusted to given conditions and to the properties of the surface to be coated. 
 
 
Figure 1. Schematic representation of the conformations of terminally attached polymer 
chains on a solid-liquid interface. The arrow indicates increasing polymer density. As the 
polymer concentration on the surface increases, the conformation of polymer chains changes 
from a “mushroom” to a “brush” structure. 
The methods of brush formation discussed above are laborious, time consuming, and 
may not always result in a sufficiently good brush. Therefore, a new method of brush 
formation was developed. It allows formation of the brush layer by adsorption of 
Complex Coacervate Core Micelles on various types of surfaces. 
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Complex Coacervate Core Micelles 
Complex Coacervate Core Micelles (C3Ms)[45,46], also known as “Block Ionomer 
Complexes”[47] or “Polyion Complex Micelles”[48], are self-assembled micellar 
structures consisting of oppositely charged polyelectrolytes. C3Ms are formed upon 
mixing aqueous solutions of a polyanion and a polycation, where at least one of the 
polyions is chemically linked to a neutral block[49]. The oppositely charged blocks 
form a complex coacervate core which is limited in growth and stabilized by a corona 
composed of the neutral blocks. During that process entropy is gained by release of 
the small counterions from the polyions. Van der Burgh et al.[50] proposed an 
aggregation diagram, and suggested that upon addition of homopolymers to 
oppositely charged diblock copolymers initially charged, loose structures with low 
aggregation numbers, so-called Soluble Complex Particles (SCPs), are formed. At a 
critical composition neutral C3Ms are formed and the number of SCPs decreases to 
zero at the Preferred Micellar Composition (PMC). Borisov and Zhulina[51] reported 
that the corona/core length ratio is crucial to obtain stable micelles, and van der 
Burgh et al.[50] showed that this ratio should be higher than three. 
As the main driving force for assembly is electrostatic attraction, C3Ms are sensitive 
to changes in salt concentration and pH. In solution polyelectrolyte charges become 
increasingly screened when the salt concentration is raised and at a critical salt 
concentration the C3Ms disintegrate. The effect of pH is particularly strong if one or 
both constituent polyelectrolytes are weak. Detailed information and discussion on 
the formation, structure, properties, and functions of C3Ms, as well as an overview of 
the investigated systems has been recently published and may be found 
elsewhere[52]. 
Adsorption of C3Ms on solid-liquid interfaces 
C3Ms strongly adsorb on both hydrophilic silica and hydrophobic polystyrene 
surfaces[53]. It was concluded that adsorption of C3Ms was driven by interactions 
between the surface and the complex coacervate core, and the wetting properties of 
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the complex coacervate phase. Voets et al.[54] have confirmed with X-ray and 
neutron reflectometry measurements that C3Ms “unfold” upon adsorption such that 
the complex coacervate core is in contact with the surface and the corona blocks 
form a brush exposed to the solution (Figure 2a). However, a different mechanism of 
C3Ms adsorption is possible if the hydrophobicity of the interface and of the 
constituting polymers differ significantly or when the chains forming the corona have 
a higher affinity for the surface than the micellar core has. In these situations micelles 
do not unfold, but adsorb by their coronas[45] as shown schematically in Figure 2b. 
The formation of a brush layer by coating the surface with C3Ms is particularly 
advantageous because of the easy preparation procedure and the adsorbability of 
C3Ms to hydrophobic as well as hydrophilic surfaces. The brush layer can be easily 
regenerated by removal of the C3M coating by increasing salt concentration or 
changing the pH, and subsequent rinsing with a freshly prepared C3M solution. 
Objective and outline of this thesis 
The main objective of this research is to develop a polymer brush suppressing 
protein adsorption using the concept of C3Ms. In order to be suitable for practical 
applications some requirements should be met. The brush should (i) be formed with 
non-toxic and economically feasible polymers, (ii) be easily applicable on various 
surfaces, (iii) suppress adsorption regardless the properties of the native surface, (iv) 
be easy to remove and renewed, (v) be mechanically stable, and (vi) not hamper the 
performance of the surface it was designed for. A brush of desired parameters can 
be formed by adsorption of C3Ms. We investigate how the composition of the C3Ms 
influences their stability in solution and functionality in the adsorbed state, 
interactions between the coating and other small organic molecules, and the 
mechanical stability of the C3M coating. In the last part we investigate the 
mechanical stability of the C3M coatings. The proteins used in our study were 
chosen for their different dimensions and overall charges under experimental 
conditions. The detailed characteristics of these proteins and description of their 
behaviour during adsorption at solid-liquid interfaces are available in the literature. 
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The proteins used are β-lactoglobulin[55-59], bovine serum albumin[58,60-64], 
lysozyme[61,62,65-69], and fibrinogen[61,70-74]. In this thesis we deal with 
simplified systems as we work with single protein solutions. In mixed protein 
solutions one must account for additional processes taking place influencing protein 
adsorption, e.g. competitive adsorption and the Vroman effect[75]. 
 
 
Figure 2. Schematic representations of two extreme cases of C3Ms adsorption on a solid-
liquid interface. Figure a shows a layer formed by C3Ms unfolded during the adsorption 
process. Figure b shows an adsorbed layer of folded C3Ms. 
In Chapter 2 we discuss the reduction of protein adsorption by C3Ms pre-adsorbed 
on silica and polystyrene surfaces, at various salt concentrations, and in different 
solvents (NaCl and phosphate buffer). We investigate the stability of the coating 
against changes of the salt concentration and pH, and the influence of the surface 
charge on the performance of the coating. The C3Ms discussed in this chapter are 
formed upon mixing linear polyelectrolytes. The compositions of these C3Ms are: 
General introduction 
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poly(N-methyl 2-vinyl pyridinium iodide)-b-poly(ethylene oxide) (P2MVPI41-b-PEO204) 
+poly(acrylic acid) (PAA139), and poly(acrylic acid)-b-poly(acrylamide) (PAA42-b-
PAAm417)+poly(N-methyl 2-vinyl pyridinium iodide) (P2MVPI228). We expect that 
neutral PEO and PAAm, respectively, form functional brushes on both surfaces. 
In Chapter 3 we investigate the reduction of protein adsorption by a 
poly(vinyl alcohol) (PVA) brush formed on silica and polysulfone surfaces by C3Ms 
consisting of linear polyelectrolytes: poly(acrylic acid)-b-poly(vinyl alcohol) 
(PAA50-65-b-PVA445), and P2MVPI228 or poly(allylamine hydrochloride) (PAH·HCl160). 
PVA is known to be highly hydrophilic and therefore is expected to be highly hydrated 
and to significantly suppress protein adsorption mainly because of osmotic and 
conformational entropy effects. 
In Chapter 4 we focus on increasing the density of the PEO brush formed upon 
adsorption of C3Ms on the silica and polystyrene surfaces, with the aim to improve 
the suppression of protein adsorption. To do so we form Grafted Block Ionomer 
Complexes (GBICs) consisting of a grafted block copolymer, poly(acrylic acid)-b-
poly(acrylate methoxy poly(ethylene oxide)) (PAA21-b-PAPEO14), and a linear 
polyelectrolyte, P2MVPI. We investigate how the structure of the grafted block 
copolymer and the length of P2MVPI affect the adsorption of GBICs on the surfaces, 
stability of the adsorbed layer against small molecules, and suppression of protein 
adsorption, at different salt concentrations. 
In Chapter 5 we further investigate the reduction of protein adsorption on silica and 
polysulfone by Grafted Ionomer Complexes (GICs) consisting of the grafted 
copolymer poly(acrylic acid)-co-poly(acrylate methoxy poly(ethylene oxide)) 
(PAA28-co-PAPEO22), and two different homopolymers: PAH·HCl160 and P2MVPI43. 
Adsorption of these complexes on the surface results in a higher density of PEO 
chains in the brush than adsorption of C3Ms consisting of linear polyelectrolytes. 
In Chapter 6 we discuss in detail the formation and the structure of GBICs and GICs 
described in Chapters 4 and 5. The PAA21-b-PAPEO14 and PAA28-co-PAPEO22 
contain a hydrophobic end-group (C12H25), being the residue of the primer used for 
the synthesis of these copolymers. The presence of this group and the distribution of 
grafted and charged monomers along the backbone result in formation of aggregates 
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with different structures and sizes than the regular C3Ms. In this chapter we combine 
experimental analysis and theoretical computations to gain information about these 
aggregates. 
The focus of Chapter 7 is on the practical application and the mechanical stability of 
the C3M and GIC layers on various surfaces. In the first part of this study, we applied 
Atomic Force Microscopy (AFM) to evaluate the strength of the attachment of the 
adsorbed C3Ms to the hydrophilic (silica) and hydrophobic (polystyrene and 
polysulfone) surfaces. We have studied the friction between the adsorbed C3Ms and 
the surfaces to asses the mobility of the C3M layers on the surfaces, and hence their 
ability to “self-heal”. We have also studied friction between the neutral brush layer 
and a hydrophilic colloidal probe mimicking the flow of an aqueous medium along the 
brush, using AFM, to estimate the shear force that can be exerted on the brush layer 
without its destruction. The second part of the study focuses on the reduction of 
protein adsorption by polymer brushes formed upon adsorption of the aggregates, 
exposed to the flow parallel to the adsorbed layer, i.e. shear. We compare reduction 
of BSA adsorption by freshly applied C3M layers and layers exposed to stress for a 
certain period of time. 
In Chapter 8, we present a general discussion about the parameters defining 
functional C3M layers and possibilities for their application. 
In the final Chapter 9 we give a brief summary of the research described in this 
thesis. 
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 Chapter 2 
Reduction of protein adsorption on silica and polystyrene surfaces 
due to coating with Complex Coacervate Core Micelles 
Abstract 
The reduction of protein adsorption by a polymer brush formed upon adsorption of 
Complex Coacervate Core Micelles (C3Ms), consisting of a charged copolymer 
containing a neutral block and an oppositely charged homopolymer, on silica and 
polystyrene surfaces has been studied in situ using fixed angle optical reflectometry. 
Four proteins were used: lysozyme, β-lactoglobulin, bovine serum albumin, and 
fibrinogen. The C3M coating is responsive to changes in pH and salt concentration, 
and can be completely removed from the surface by rinsing with a concentrated salt 
solution (>2M NaCl) or an acidic solution (pH<2). The same surface can be 
subsequently coated with a fresh micellar layer. The reduction of protein adsorption 
by C3Ms was found to be influenced by the surface chemical composition, surface 
charge, hydrophobicity and salt concentration. C3Ms adsorption was higher on 
hydrophobic polystyrene than on hydrophilic silica, but stronger reduction of protein 
adsorption was observed on silica. The protein resistance of the brush is enhanced 
by increasing the salt concentration from 5 to 100 mM as a consequence of the 
stronger screening of excess charges. The stoichiometric charge composition, at 
which stable C3Ms are formed in bulk, is not the optimal one to create an effective 
coating on charged surfaces. On the silica surface higher reduction of protein 
adsorption was observed when micelles carry an excess charge opposite to the 
charge of the native surface. 
 
In modified form published as: A. M. Brzozowska, B. Hofs, A. de Keizer, R. Fokkink, M. A. Cohen 
Stuart, W. Norde, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2009, 347, p. 
146-155 
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Introduction 
Coating solid surfaces with a polymer brush, i.e. a layer of polymer chains that are 
(end-)grafted to the surface and are stretched out into the adjoining solution, has 
been studied for many years with the aim to suppress adsorption of proteins[1]. The 
two main parameters characterizing a polymer brush are the thickness (or height) of 
the layer and the density[2]. The brush should be sufficiently dense to hamper 
penetration by protein molecules and, hence, to avert adsorption of protein onto the 
solid surface (primary adsorption). Penetration of proteins in a dense brush would 
invoke a loss of conformational entropy of the polymer chains. Thus, to reach the 
solid surface the protein molecules have to overcome a free energy barrier, which 
implies that primary adsorption is suppressed for kinetic reasons. The thickness of 
the brush influences electrostatic and van der Waals (or dispersion) interaction and, 
therewith, the propensity of the protein to adsorb at the outer edge of the brush 
(secondary adsorption)[2]. For secondary adsorption, interaction between the protein 
and the brush is usually much weaker than between the protein and the native 
surface, and adsorbed molecules may be readily removed from the brush, e.g. by 
shear[3]. Obviously, the affinity for secondary adsorption diminishes with increasing 
thickness of the brush layer. If a protein interacts favorably with the polymer chains it 
may be accommodated within the brush (tertiary adsorption)[4]. 
In a theoretical study Szleifer et al.[5] pointed out that for the protein resistance of a 
non-interacting brush its density is a much more important parameter than its height 
and this has been confirmed experimentally[6,7]. Polymer brushes are usually made 
of uncharged polymers, most often polyethylene oxide (PEO), but other polymers 
such as poly(acrylamide) (PAAm) and polysaccharides[8] have been used as well. 
As PEO is the most applied polymeric brush for antifouling purposes in medicine, 
biotechnology, and pharmaceutics[9], interaction between PEO and proteins became 
a subject of extensive studies with respect to its possible applications. In early 
studies PEO was believed to be inert towards proteins. However, later studies have 
suggested that this polymer has a finite affinity for proteins. For instance Faruggia et 
al.[10] reported interactions between PEO (Mw=1000) and hydrophobic chains of 
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BSA, made available after unfolding the protein. Yang et al.[11] reported that BSA 
molecules adsorbed on surfaces covered with PEO self-assembled monolayers were 
mobile, and that their adsorption was reversible unlike the adsorption behaviour on 
bare surfaces. These authors concluded that PEO monolayers affected the dynamic 
behaviour of the adsorbed molecules. Vert and Domurado[12] have shown that under 
physiological conditions PEO (Mw<8000) is compatible with BSA, e.g. a buffered 
solution of PEO and BSA is visually homogeneous and limpid, but not with 
fibrinogen. Efremova et al.[13] reported adsorption of fibrinogen on PEO chains and 
suggested that it was due to attractive interactions between the amino acid side 
chains of fibrinogen and PEO segments. Interactions of proteins with PEO may also 
be caused by partial oxidation of PEO. As a result, proteins with overall positive 
charge adsorb on negatively charged spots of PEO chains due to electrostatic 
interactions[6]. Despite their not fully understood interactions with proteins, PEO 
brushes are known to reduce protein adsorption and bacterial adhesion to a great 
extent[7,14-20]. 
Polymer brushes are also reported to be formed by biocompatible and neutral PAAm 
chains. These brushes were found to significantly reduce adhesion of bacteria and 
yeast[21] as well as to reduce protein adsorption[22,23]. Adsorption of PAAm and its 
interaction with hydrophobic and hydrophilic surfaces was also extensively 
studied[24-26]. 
Polymer brushes can be physically attached to various surfaces via adsorption of 
diblock-, triblock- or star-like copolymers, comb copolymers, or chemically by 
“grafting-from” or “grafting-to” methods. A new physical method is to create a brush 
layer via adsorption of Complex Coacervate Core Micelles (C3Ms)[14,27], i.e. self-
assembled micellar structures consisting of oppositely charged polymers, also called 
“Block Ionomer Complexes”[28] or “Polyion Complex Micelles”[29]. 
C3Ms are formed upon mixing aqueous solutions of a polyanion and a polycation, 
where at least one of the polyions is chemically linked to a neutral block[30]. The 
oppositely charged blocks form a complex coacervate core which is limited in growth 
and stabilized by a corona composed of the neutral blocks. During that process 
entropy is gained by release of the small counterions from the polyions. C3Ms can be 
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easily disintegrated by addition of salt or change in pH. Van der Burgh et al.[31] 
proposed an aggregation diagram, and suggested that upon addition of 
homopolymers to oppositely charged diblock copolymers initially charged, loose 
structures with low aggregation numbers, so-called Soluble Complex Particles 
(SCPs) are formed. At a critical composition neutral C3Ms are formed and the 
number of soluble SCPs decreases to zero at the Preferred Micellar Composition 
(PMC). Borisov and Zhulina[32] reported that the corona/core length ratio is crucial to 
obtain stable micelles, and van der Burgh et al.[31] showed that this ratio should be 
higher than three. If the charged block is much shorter than 40 monomers the core 
size is too small to obtain stable micelles and one can expect that also the affinity for 
surfaces becomes too small. C3Ms strongly adsorb on both hydrophilic silica and 
hydrophobic polystyrene surfaces[27]. It was concluded that adsorption of C3Ms was 
driven by interactions between the surface and the complex coacervate core. 
Recently, Voets et al.[33] have confirmed with X-ray and neutron reflectometry 
measurements that upon adsorption C3Ms “unfold” such that the complex coacervate 
core is in contact with the surface and the corona blocks form a brush exposed to the 
bulk. The formation of a brush layer by coating the surface with C3Ms is particularly 
advantageous because of the easy preparation procedure and the adsorbability of 
C3Ms to hydrophobic as well as hydrophilic surfaces. The brush layer can be easily 
regenerated by removal of the C3M coating with high salt concentration or low pH 
and subsequent rinsing with freshly prepared C3Ms solution. 
An important application of polymeric brushes is rendering surfaces protein resistant 
or antifouling. A preliminary study on the protein resistance of a brush layer produced 
by C3Ms from PAA42-b-PAAm417 (poly(acrylic acid)-b-poly(acrylamide)) block 
copolymer and P4EVP (poly(N-ethyl-4-vinylpyridinium bromide) homopolymer was 
performed by van der Burgh et al.[27]. This study showed complete suppression of 
lysozyme adsorption by the polymer brush on both silica and polystyrene surfaces. 
Recently, Hofs et al.[14] carried out a study of protein resistance of hydrophilic silica 
and hydrophobic polybutadiene surfaces coated with C3Ms composed of a block 
copolymer with a more hydrophobic charged block, leading to C3Ms with a glassy 
core. An Atomic Force Microscopy study suggested that due to their chemical 
Chapter 2 
 23
composition these structures do not unfold upon adsorption, and do not form a 
uniform layer on the surface. The resulting reduction of protein adsorption, ranging 
between 34% and 100%, was stronger on coated silica than on coated 
polybutadiene, and it was enhanced in the presence of phosphate buffer. 
The aim of the present study is to investigate the role of the electrostatic interactions 
invoked by surface charge, protein charge, and excess charges of the C3Ms on 
reduction of protein adsorption by brushes composed of PEO and PAAm on both 
hydrophobic and hydrophilic surfaces. Four proteins having different sizes, shapes, 
and charges, i.e. lysozyme, β-lactoglobulin, bovine serum albumin, and fibrinogen, 
are investigated. 
Materials and methods 
Polystyrene (PS, Mn=885 kg/mol, PDI=1.08), vinyl-terminated polystyrene (Mn=1.9 
kg/mol, PDI=1.11), poly(2-vinyl pyridine)-b-poly(ethylene oxide) (P2VP41-b-PEO204, 
Mn=13.3 kg/mol, PDI=1.05), poly(acrylic acid) (PAA139, Mn=10 kg/mol, PDI=1.15), and 
poly(N-methyl 2-vinyl pyridinium iodide) (P2MVP228, Mn=56 kg/mol, PDI=1.09) were 
purchased from Polymer Source Inc., Canada. Poly(acrylic acid)-b-poly(acrylamide) 
(PAA42-b-PAAm417, Mn=33 kg/mol, PDI=1.4) was a kind gift from Rhodia Chimie, 
Aubervilliers, France. Its synthesis has been described elsewhere[34]. Styrene (99%) 
and iodomethane (99%) were purchased from Sigma. 
Lysozyme (Lsz) from chicken egg white (L6876-5G), β-lactoglobulin (β-lac) from 
bovine milk, approx. 90% (L0130-5G), bovine serum albumin (BSA), minimum 98% 
(A7030-10G), and fibrinogen (Fib) from human plasma, essentially plasmin(ogen) 
free (F4883-5G) were purchased from Sigma. Some properties of these proteins are 
listed in Table 1. 
All chemicals were used as received. Solutions of polymers and proteins were 
prepared in phosphate buffer (ionic strength I=50 mM, pH 7.7), or in NaCl solutions. 
The pH of the NaCl solutions was adjusted to pH 7.1±0.2 with 0.1 M NaOH and 0.1 M 
HCl. 
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Silicon wafers (Boron doped, orientation 100, and resistivity 7–15 Ω cm-1) were 
purchased from WaferNet, Inc., USA. 
Table 1. Some properties of proteins used in the measurements. 
Protein Dimensions [nm3] Molecular weight [kg/mol] Isoelectric point 
Lsz 
β-lac 
BSA 
Fib 
3 × 3 × 4.5[35] 
4 × 4 × 4[36] 
4 × 4 × 14[37] 
9 × 9 × 45[38] 
14.3[35] 
18.4[39] 
66.4[40] 
340[35] 
11[35] 
5.3[39] 
4.8 - 5.0[37,38,41] 
5.5[42] 
 
Quaternization 
Diblock copolymer poly(2-vinyl pyridine)-b-poly(ethylene oxide) (P2VP41-b-PEO204) 
was quaternized according to the following procedure: 1 g of diblock copolymer was 
dissolved in 35 ml of N,N-dimethylmethanamide. Three ml of iodomethane was 
added and the mixture was allowed to react for 48 hours at 60°C, under nitrogen gas 
flow and stirring. Subsequently the quaternized polymer was precipitated with ether, 
filtered, washed several times with fresh portions of ether, and dried overnight in a 
vacuum oven at 48°C. The degree of quaternization was controlled by Dynamic Light 
Scattering titration with PAA139 at pH 7. At stoichiometric charge ratio micelles are 
formed and the position of the maximum intensity provides an estimation of the 
degree of quaternization. Thus the degree of quaternization was determined to be 
approximately 89%, which causes the PMC to deviated from f- = 0.5 (f- being defined 
as the fraction of negative charge of the micelle assuming that each monomer in the 
PVP is quaternized). 
Preparation of C3M solutions 
Stock solutions of C3M-PEO204/PAA139 and C3M-PAAm417/P2MVPI228 were prepared 
by mixing aqueous solutions of P2MVPI41-b-PEO204 and PAA139, and 
PAA42-b-PAAm417 and of P2MVPI228, respectively, at the PMC. The lengths of the 
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polymer blocks were chosen to be optimal for obtaining stable micelles. The PMCs 
have been determined experimentally with Dynamic Light Scattering titrations using 
an ALV light scattering instrument equipped with an ALV_500 digital correlator and a 
400 mW argon ion laser. Hydrodynamic radii (Rh) were found to be 22 nm for C3M-
PEO204/PAA139, and 24 nm for C3M-PAAm417/P2MVPI228. 
Preparation of surfaces 
Silica surfaces were prepared by heating silicon wafers at 1000°C for about 1.5 
hours. The oxidized wafers with an silica layer thickness between 80 and 100 nm 
were cut into strips of approximately 1 × 5 cm2, immersed in a freshly prepared 
Piranha solution (1 part of 35% H2O2 and 2 parts of 95% H2SO4) for 2-3 minutes and 
rinsed with MilliQ water. Cleaned strips were stored in MilliQ water. 
Polystyrene surfaces were prepared using two different methods. The first method 
was developed by Maas et al.[43]. The second method was described by Sieval et 
al.[44,45], and, after modification, applied as follows: strips of silicon wafer were 
cleaned with a Piranha solution, rinsed with MilliQ water, dried with acetone and 
etched with 40% HF for 2-3 minutes to remove an oxide layer. Etched strips were 
immediately transferred into a solution of styrene in toluene (10%) and the solution 
was heated up to 160ºC. The surface polymerization reaction continued for about 1.5 
hours under nitrogen gas flux and reflux. After the reaction the strips were rinsed with 
fresh toluene several times to remove ungrafted polymer and finally dried with 
nitrogen gas. The first method allows preparation of several surfaces at the same 
time but the surfaces remain stable (as judged from dewetting) only for several days. 
They were used in studies with phosphate buffer. The second method results in 
homogeneous surfaces which are stable for at least two weeks and were used for the 
measurements in NaCl solutions. 
An additional layer of polystyrene was spincoated (RDE-/SPINCOATER Motor 
controller, Eco Chemie B.V) from a solution in toluene (13 g/l) on the chemically 
grafted layers prepared according to the methods mentioned above. Coated strips 
were stored in MilliQ water. Surfaces used in experiments were not older than 2 days 
and their quality was monitored with an optical microscope (Olympus BX60 with 
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Olympus DP70 camera), and a SEM microscope (JEOL SEM-6480LV). Adsorption of 
proteins and C3Ms did not depend on the preparation method of the chemically 
grafted primary layer. 
The thicknesses of the oxide layer and polystyrene layers were determined with 
ellipsometry (SE 400, SENTECH Instruments GmbH, Germany). The complex 
refractive index of silicon was set at n=3.85, κ=0.02 and for the refractive indexes of 
silica and polystyrene 1.46 and 1.56, respectively, were taken. Thicknesses of the 
layers were measured at several positions of the strip, and an average of at least 5 
measurements has been taken for calculation of the Qf factor used in reflectometry. 
Thicknesses of silica layers were also determined with reflectometry. 
The hydrophilicity of the silica surfaces and the hydrophobicity of the PS surfaces 
were judged from visual observation of the wetting by water. 
Reflectometry 
Reflectometry is an optical technique used to observe in situ adsorption of molecules 
on optically flat surfaces. Experiments were carried out with a fixed angle optical 
reflectometer, described in detail elsewhere[46]. Changes in signal measured upon 
adsorption on the surface can be related to the adsorbed amount, Γ (mg/m2), 
provided the thickness and refractive index of the optical spacer (top substrate layer) 
and refractive index increment of the adsorbate are known, according to the 
expression: 
0
f S
ΔSQΓ
=            Eq. 1 
where Qf is a sensitivity factor (mg/m2), S0 is an initial (baseline) signal, and ΔS=S -
 S0 is a change in the signal upon adsorption on the surface. For each measurement 
Qf was calculated with “Prof. Huygens” 1.2a and 1.2b (Dullware Software), using 
refractive index increments established in separate measurements, described in the 
following section. 
The reflectometer was also used to determine thicknesses of the optical spacers 
(e.g. silica), using a series of calibration strips[46]. Thicknesses determined by 
reflectometry agreed well with measured ellipsometric values. 
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At the beginning of each adsorption measurement a surface placed in the 
reflectometer cell was rinsed with solvent, to establish a baseline signal, S0. 
Subsequently, the sample solution was introduced and its adsorption was monitored, 
in most of the cases, until a plateau was reached, followed by rinsing with solvent 
until a new plateau was reached, and then followed by introduction of the next 
sample. All reported values were calculated based on amounts that remained 
adsorbed on the surface after rinsing with solvent, unless mentioned otherwise. Each 
measurement was repeated at least 3 times and averaged results are reported. 
Refractive index increment measurements 
Refractive index increments (dn/dc) of the adsorbates, i.e. polymers and proteins, 
were measured with a differential refractometer ERMA ERC 7510. The instrument 
was calibrated using NaCl solutions in MilliQ water. After calibration of the 
instrument, the dn/dc of sucrose was measured and the obtained value (0.146) is in 
good agreement with values reported elsewhere: 0.144[47] and 0.147[48]. The dn/dc 
of sucrose was also measured at elevated temperatures, namely 35°C and 45°C, 
and the difference between the obtained values was 0.2%. Therefore, we assumed 
that the influence of the temperature on dn/dc was also negligible for all measured 
solutions. All dn/dc values of polymers, C3Ms, and proteins used in our experiments 
were determined in 50 mM phosphate buffer to ensure a constant pH value (pH 7.7), 
and for single polymers and block copolymers dn/dc values were also determined in 
50 mM NaCl. Due to problems with solubility at higher concentrations the dn/dc value 
of Fib was not determined. The dn/dc values used in calculations are summarized in 
Table 2: 
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Table 2. Values of refractive index increments (in cm3/g) used for calculations. pH of 50 mM 
phosphate buffer, referred to as “buffer”, solutions was 7.7, and pH of 50 mM NaCl, referred 
to as “salt”, was 7.1±0.2. 
Compound Solvent dn/dc 
Proteins: 
Lsz 
β-lac 
BSA 
Fib 
Polymers: 
PAA139 
PAA42-b-PAAm417 
P2MVPI41-b-PEO204 
P2MVPI228 
PAA139 
PAA42-b-PAAm417 
P2MVPI41-b-PEO204 
P2MVPI228 
C3Ms: 
C3M-PEO204/PAA139 
C3M-PAAm417/P2MVPI228 
 
buffer 
buffer 
buffer 
Buffer + 400 mM NaCl 
 
buffer 
buffer 
buffer 
buffer 
salt 
salt 
salt 
salt 
 
buffer 
buffer 
 
0.250 
0.196 
0.204 
0.195[49] 
 
0.123 
0.166 
0.201 
0.184 
0.175 
0.227 
0.226 
0.251 
 
0.190 
0.178 
 
Results and discussion 
Adsorption of C3Ms on silica and polystyrene 
Adsorption of C3M-PEO204/PAA139 and C3M-PAAm417/P2MVPI228 on silica and 
polystyrene from 50 mM NaCl solution, and phosphate buffer solution with an ionic 
strength of 50 mM have been compared. The experimental data are presented in 
Table 3. Adsorption of C3M-PEO204/PAA139 on silica in the presence of buffer is 
substantially higher (1.73 mg/m2) than in the presence of NaCl (1.19 mg/m2) which 
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may be a consequence of the specific adsorption of phosphate on silica. Adsorbed 
amounts of C3M-PAAm417/P2MVPI228 on silica and PS were comparable in both 
solvents, and much higher than adsorbed amounts of C3M-PEO204/PAA139 under the 
same conditions. The brush densities calculated from the adsorbed amounts varied 
between 0.06 and 0.04 polymer chains per nm2 for C3M-PEO204/PAA139 and were 
approximately 0.03 polymer chains per nm2 for C3M-PAAm417/P2MVPI228. Despite 
the higher adsorbed amounts the density of the brush formed by 
C3M-PAAm417/P2MVPI228 is lower, but the monomer density (monomer/nm2) is 
comparable to the one calculated for C3M-PEO204/PAA139. However, these values 
are relatively low compared to effective brushes obtained by other methods (see 
below). 
Optical reflectometry allows measuring the total mass adsorbed per unit area, but 
does not allow distinguishing between the different adsorbing components. For C3Ms 
we assume that the ratio between the two components constituting the C3Ms in 
solution is retained upon adsorption on the surface. In order to obtain some indirect 
information on the composition of the adsorbed C3Ms we have determined the 
adsorbed amounts of the single micellar components of C3M-PEO204/PAA139 micelles 
(PAA139 and P2MVPI41-b-PEO204), and C3M-PAAm417/P2MVPI228 micelles 
(PAA42-b-PAAm417 and P2MVP228) (Table 3). Lower adsorbed amounts of both 
positively and negatively charged diblock copolymers were obtained on both surfaces 
when adsorbed as single components than when adsorbed simultaneously as C3Ms. 
The adsorbed amounts of the positively and negatively charged single 
polyelectrolytes on silica and polystyrene were higher on silica in the presence of 
phosphate buffer, except for PAA139, than in the presence of NaCl. The latter must be 
attributed to the specific interaction of phosphate with silica. Instead of adsorbing 
both components as micelles adsorption may also be carried out by supplying both 
components sequentially. We observed that when adsorption of P2MVPI41-b-PEO204 
(0.68 mg/m2) in 10 mM NaCl is followed by adsorption of PAA139 the total adsorbed 
amount of both C3M-PEO204/PAA139 components (0.80 mg/m2) is much lower, than 
the adsorbed amount of C3M-PEO204/PAA139 (1.41 mg/m2). However, the resulting 
charge ratio of the sequentially adsorbed components was equal to that of C3Ms 
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(f- = 0.5). The influence of the NaCl concentration on the adsorption of C3M-
PEO204/PAA139 on silica and PS is shown in Figure 1. 
Table 3. Adsorbed amounts (in mg/m2) of homopolymers (HP) and diblock copolymers (DP) 
on silica and PS introduced onto surfaces separately (single components) and 
simultaneously (C3Ms). For C3M-PEO204/PAA139 HP is PAA139, and DP is P2MVPI41-b-
PEO204; for C3M-PAAm417/P2MVPI228 HP is P2MVPI228, and DP is PAA42-b-PAAm417. 
pH 7.1±0.2 (NaCl) and pH 7.7 (phosphate buffer, PO4). Concentration of C3Ms and polymers 
was 110±10 mg/l. 
  C3Ms Single components System 
Surface Solvent C3M HP DP HP DP 
silica 
10 mM NaCl 
50 mM NaCl 
50 mM PO4 
1.41 
1.19 
1.73 
0.19 
0.16 
0.23 
1.22 
1.03 
1.50 
 -  
0.59 
0.15 
0.68 
0.34 
 -  C3M-PEO204/PAA139 
PS 50 mM PO4 1.39 0.19 1.20 0 1.03 
C3M-PAAm417/P2MVPI228 
silica 
PS 
50 mM NaCl 
50 mM PO4 
2.09 
2.27 
0.50 
0.55 
1.59 
1.72 
0.93 
1.54 
1.19 
0.62 
 
The adsorbed mass and, hence, the density of a brush layer formed by C3Ms is 
slightly dependent on the ionic strength, and hence on the screening of the charges 
on the surface and in the complex coacervate layer. The adsorption shows a 
maximum around 25 mM NaCl both on the hydrophilic and the hydrophobic surfaces. 
The adsorption of C3M-PEO204/PAA139 on the polystyrene is slightly higher than on 
silica, except at 5 mM NaCl where the adsorbed amounts on both surfaces are 
almost equal. The latter suggests that at 5 mM adsorption originates from the 
properties of the C3Ms only. From the work on polyelectrolyte multilayers[50] we 
know that that at low salt concentrations the micelles are less reversible and the core 
has a glass-like structure probably leading to a thinner glass–like complex 
coacervate layer on both surfaces and hence to a lower brush density. At 25 mM 
NaCl the core of the micelles is reversible and liquid-like, and the electrostatic 
interaction is optimal to counteract the repulsive entropic forces between the neutral 
Chapter 2 
 31
polymer chains in the brush. At higher NaCl concentration a lower but almost 
constant equilibrium brush density is established. 
 
 
Figure 1. Adsorption of C3M-PEO204/PAA139 on silica and PS at different concentrations of 
NaCl. pH 7.1±0.2. Concentration of the C3Ms solution was 110±10 mg/l. Lines were added 
to guide the eye. 
One of the advantages of preparing a brush layer by adsorption of C3Ms is that the 
coating may be fully removed by desorption at low pH and/or increased ionic 
strength, and subsequently restored by re-exposure to a fresh C3Ms solution. 
C3M-PEO204/PAA139 layers created in 50 mM NaCl at pH 7 were exposed to 
solutions of low pH, and high salt concentrations, to assess the responsiveness of 
the layer to changes in environmental conditions. Indeed, results presented in 
Figure 2 show that an adsorbed C3M-PEO204/PAA139 layer can be completely 
removed from a silica surface by rinsing with solutions of high salt concentration or 
low pH, due to decreased electrostatic interactions. 
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Figure 2. Effect of pH and salt concentration on removal of a C3M-PEO204/PAA139 layer from 
a silica surface. The C3M-PEO204/PAA139 solution, 110±10 mg/l, was prepared in 50 mM 
NaCl, pH 7.1±0.2. 
Reduction of protein adsorption by C3Ms on silica and polystyrene 
surfaces 
We have shown that C3M-PEO204/PAA139 and C3M-PAA417/P2MVPI228 adsorb on 
both silica and polystyrene, and that the adsorbed amounts are influenced by the 
properties of the solvent and the surface. Upon adsorption of C3Ms on a solid-liquid 
interface neutral blocks are expected to form a polymeric brush on top of the complex 
coacervate layer formed by the micellar core[33]. Potentially, the brush layer reduces 
adsorption of proteins on the surface depending on its density, thickness, and 
chemical properties. Experimental data for the suppression of protein adsorption by 
C3M coatings were obtained by fixed angle optical reflectometry. A typical 
reflectometry experiment is presented in Figures 3a and 3b. 
In order to determine the influence of C3M coatings on protein adsorption, we 
compared adsorbed amounts of proteins on native and coated surfaces. For all 
proteins concentrations were applied that yield plateau-values of the isotherm for the 
native surfaces. For C3M-covered surfaces the same concentrations of respective 
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proteins were selected although in that case saturation was not necessarily obtained. 
Experimental data for the suppression of protein adsorption by C3M coatings in the 
presence of phosphate buffer and NaCl are presented in Table 4. 
 
  
Figure 3. An example of a reflectometry experiment. Upon adsorption of molecules on the 
surface the signal S increases. Here, the change in the measured signal (ΔS/S0) is plotted 
vs. time. a: adsorption of BSA on a native silica surface, b: adsorption of BSA on silica 
covered with C3M-PEO204/PAA139, 100 mM NaCl, pH 7.1±0.2. 
The C3M-PAAm417/P2MVPI228 coating was very effective in reducing protein 
adsorption on hydrophilic silica but not effective on hydrophobic polystyrene, except 
for Lsz. This may be attributed to a difference in interaction of the neutral blocks with 
the polystyrene surface possibly leading to a less complete surface coverage and 
less organized structure of the C3M layer, e.g. collapsed neutral chains instead of a 
brush-like structure. This observation is in a good agreement with work of Broseta et 
al.[24] who reported that adsorption of nonionic PAAm on hydrophobic surfaces 
increases with surface hydrophobicity and is independent of salt concentration, below 
1M. Reduction of protein adsorption by the C3M-PEO204/PAA139 coating was less 
dependent on the properties of the underlying native surface than reduction by 
C3M-PAAm417/P2MVPI228. Therefore, we have chosen the C3M-PEO204/PAA139 
system for further studies. 
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Table 4. Protein adsorption on native silica and PS, and reduction of protein adsorption by 
C3M-PEO204/PAA139 and C3M-PAAm417/P2MVPI228 coatings. Measurements were carried out 
in 50 mM phosphate buffer (PO4), pH 7.7, and 50 mM NaCl, pH 7.1±0.2. Concentration of 
proteins was between 15 and 75 mg/l. Concentration of C3Ms and polymers was 110±10 
mg/l. Negative reduction means that the protein adsorption on coated surface was higher 
than on the native surface. 
Surface silica PS 
Solvent NaCl PO4 NaCl PO4 
Protein adsorption on native surfaces [mg/m2] 
 
Lsz 
β-lac 
BSA 
Fib 
0.41 
0.72 
1.23 
3.30 
0.40 
0.67 
0.77 
 -  
0.46 
1.12 
0.96 
7.19 
0.79 
0.83 
0.69 
1.33 
Reduction of protein adsorption by C3M coatings 
C3M-PEO204/PAA139 
Lsz 
β-lac 
BSA 
Fib 
83% 
92% 
95% 
92% 
95% 
82% 
81% 
 -  
94% 
63% 
72% 
63% 
92% 
25% 
26% 
74% 
C3M-PAAm417/P2MVPI228 
Lsz 
β-lac 
BSA 
Fib 
86% 
100% 
100% 
90% 
 -  
 -  
 -  
 -  
 -  
 -  
 -  
 -  
100% 
8% 
37% 
-150% 
 
Phosphate buffer is known to interact with silica and proteins. Hydrogen-bonded 
complexes of phosphate moieties with the silanols of silica surfaces have been 
described and characterized by Murashov et al.[51]. An example of phosphate 
interactions with proteins has been discussed, for instance, by Tao et al.[52] who 
suggested that phosphate ions can influence the selective binding properties of BSA 
at its indole site. For silica surface Hofs et al.[14] reported a higher adsorbed amount 
of positively charged Lsz from a phosphate buffer solution than from a NaNO3 
solution, and a lower adsorbed amount of BSA. These authors also reported a higher 
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reduction of the adsorption of negatively charged proteins by C3Ms in the presence 
of phosphate buffer than in the presence of salt (NaNO3). An opposite effect was 
observed for positively charged protein (Lsz). 
 
  
Figure 4. Effect of the salt concentration on the adsorption of proteins on native silica (a) and 
on reduction of protein adsorption on silica covered with C3M-PEO204/PAA139 (b). The 
measurements were carried out at pH 7.1±0.2. Concentrations of the proteins in solutions 
were between 15 and 47 mg/l, and of C3M-PEO204/PAA139: 110±10 mg/l. Lines were added 
to guide the eye. 
Results presented above show that brushes created by adsorption of C3Ms did not 
eliminate entirely electrostatic interactions between the surface and the proteins, and 
thus the reduction of protein adsorption was not complete. If an excess surface 
charge can limit the reduction of protein adsorption by C3M coating, then increasing 
the ionic strength should improve protein resistance of a C3M layer. The effect of the 
salt concentration on protein adsorption on native surfaces and surfaces coated with 
C3M-PEO204/PAA139 is shown in Figures 4 and 5, for silica and polystyrene surfaces, 
respectively. Reduction factor (%) is defined with respect to the adsorption Γ0 of the 
proteins on the native silica and polystyrene surfaces:  
Reduction = (1- Г/Г0)×100%. The influence of salt concentration on protein 
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adsorption on coated surfaces, at which the adsorbed amounts are much lower, 
show similar trends as on the native surfaces (data not shown). 
 
  
Figure 5. Effect of the salt concentration on the adsorption of proteins on native PS (a), and 
on reduction of protein adsorption on PS covered with C3M-PEO204/PAA139 (b). The 
measurements were carried out at pH 7.1±0.2. Concentrations of the proteins in solutions 
were between 20 and 75 mg/l, and of C3M-PEO204/PAA139: 110±10 mg/l. Lines were added 
to guide the eye. 
On both surfaces the differences in adsorption reduction between the various 
proteins became larger with decreasing salt concentration. At low salt concentration, 
the C3M-PEO204/PAA139 coating was most effective in reducing BSA adsorption on 
silica (97%) and Lsz adsorption on PS (100%). Stronger reductions were obtained on 
silica than on PS. On silica the lowest adsorption reduction was measured for Lsz 
(64%), and on PS the reduction was least for β-lac (30%). With increasing salt 
concentration, the C3M-PEO204/PAA139 coating on silica became more effective, and 
at the highest salt concentration tested, the reduction of protein adsorption exceeded 
90%, regardless the protein. This result suggests that the electrostatic interaction 
between the protein and the surface was eliminated. A similar effect was not 
observed on PS surfaces. Here, (at 100 mM NaCl) the adsorption of BSA was 
reduced by more than 90%, but adsorption of Lsz, β-lac and Fib remained significant. 
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In contrast to silica, Lsz adsorption on coated polystyrene increased as the salt 
concentration increased. The general trend is that the protein resistance of 
C3M-PEO204/PAA139 layer can be improved by increasing the salt concentration, in 
particular on hydrophilic silica surfaces. However, the influence of the substrate 
composition remains significant. 
In Table 5 we compare the densities of PEO chains on various surfaces, obtained via 
different grafting methods. The densities of PEO brushes formed upon adsorption of 
C3M-PEO204/PAA139 on silica and polystyrene surfaces are much lower than those 
formed upon, for instance, adsorption of poly(lysine)-graft-poly(ethylene glycol) or 
upon grafting methacryl-terminated PEO chains. The latter were shown to prevent 
adsorption of bacteria and fungi[20] nearly entirely. Poly(lysine)-graft-poly(ethylene 
glycol) prevented adsorption of human serum on the surface[17]. Adsorption of 
Pluronic, PEO-PPO-PEO triblock copolymers[7] resulted in much lower grafting 
densities of PEO chains. The fact that these polymers are nonetheless effective 
repellants of proteins was attributed to the high density of PPO chains adsorbed on 
the surface, rather than to the brush formed by the PEO chains[6]. On silica and 
polystyrene, the densities of PEO chains on adsorbed complex coacervate layers 
increased with increasing salt concentration, which correlates with the higher 
reduction of protein adsorption observed at higher salt concentrations. The values 
presented in Table 5 suggest that C3M-PEO204/PAA139 and C3M-
PAAm417/P2MVPI228 layers do not form a sufficiently dense barrier to completely 
prevent protein adsorption. 
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Table 5. Examples of the densities of PEO chains grafted to the different substrates obtained 
by different grafting methods. *: lower value in the range corresponds to low salt 
concentration (5 mM NaCl) and the higher one to the high salt concentration (100 mM NaCl). 
PPO – poly(propylene oxide), PLL - poly(lysine). 
Surface PEO Density of PEO chain [nm-2] Performance 
* C3M-PEO204/PAA139 0.06 – 0.04 
Reduction of BSA, β-lac, Fib, and Lsz 
adsorption >90% at the highest grafting 
density 
silica 
* C3M-PAAm417/P2MVPI228 0.03 
Reduction of Lsz adsorption by 100%, 
reduction of BSA and β-lac adsorption: 37 
and 8% 
Methacryl-terminated PEO12 2.5 
Reduction of bacteria (Staphylococcus 
epidermidis and Pseudomonas 
aeruginosa), and yeast (Candida albicans) 
adhesion 
Methacryl-terminated PEO46 1.0 
Glass 
slides[20] 
Methacryl-terminated PEO223 0.2 
Reduction of bacteria (Staphylococcus 
epidermidis and Pseudomonas 
aeruginosa) and yeast (Candida albicans 
and Candida tropicalis) adhesion 
PEO127 – PPO48 – PEO127 0.09 Reduction of BSA adsorption by >93%  
PEO100 – PPO56 – PEO100 0.08 Reduction of BSA adsorption by 93% 
PEO8 – PPO47– PEO8 0.15 Reduction of BSA adsorption by 57% 
Hydrophobized 
silica[7] 
PEO60 – PPO90 – PEO60 0.05 Reduction of BSA adsorption by 82% 
PLL – g[2.7] – PEO23 0.91 
Reduction of human serum adsorption by 
99.8 % 
PLL – g[2.2] – PEO45 0.5 
Reduction of human serum adsorption by 
98.8% 
Niobium 
oxide[17] 
PLL – g[3.5] – PEO113 0.30 
Reduction of human serum adsorption by 
100%  
Polystyrene[7] PS38 PEO700 0.31 – 0.03 
Reduction of BSA adsorption below the 
detection limit for the highest densities 
* C3M-PEO204/PAA139 0.06 – 0.03 
Reduction of BSA, β-lac, Fib and Lsz 
adsorption > 50% at the highest grafting 
density 
Polystyrene 
* C3M-PAAm417/P2MVPI228 0.04 
Reduction of BSA and β-lac adsorption by 
100%; reduction of Fib adsorption by 90% 
and Lsz adsorption by 86% 
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C3M-PEO204/PAA139 adsorb in similar amounts on silica and on polystyrene. The less 
effective reduction of protein adsorption observed on polystyrene may be explained 
by the way micelles adsorb on hydrophobic surfaces. As mentioned previously, 
PAA139 does not adsorb on polystyrene. Upon adsorption of the micelles, the PAA139 
present in the complex coacervate core may be “trapped” and kept close to the 
surface by the oppositely charged P2MVPI41 blocks. At the same time PEO chains, 
which can adsorb on polystyrene, replace the PAA chains near the surface. As a 
result, the polystyrene surface is coated by a mixture of the different polymer chains. 
It seems that a flat complex coacervate-brush bilayer structure cannot be formed. 
This problem could possibly be eliminated by introduction of more hydrophobic 
polyelectrolytes into the complex coacervate core. However, Hofs et al.[14] reported 
that this did not give sufficient improvement either. 
To reduce the adsorption of proteins at the outer edge of the brush at low ionic 
strengths, one might argue that the length of the PEO chains in the diblock 
copolymer should be increased (provided that there is no attraction between the PEO 
and proteins). However, this would lead to the formation of an even less dense brush 
and may result in penetration, and consequently adsorption of relatively small 
proteins, like Lsz, either on the interface between the brush chains and the complex 
coacervate layer, or on the native surface. 
Influence of pre-adsorbed micellar components on the reduction of 
protein adsorption by a C3M layer 
To obtain insight into the influence of the composition of the coating on the 
performance of the C3M layer, a new protocol was implemented. In order to avoid 
making our system more complicated we created functional layers by pre-adsorption 
of the diblock copolymer or the diblock copolymer and the homopolymer 
consecutively, followed by adsorption of C3Ms consisting of both components. Silica 
was chosen as a model substrate as its preparation results in better reproducibility 
and easier quality control. The main difference between the various coatings was the 
presence of positively and/or negatively charged micellar components directly below 
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the C3M-PEO204/PAA139 layer. The compositions of the layers are described in 
Table 6. The coatings were exposed to BSA and Lsz solutions. 
Table 6. Effect of the pre-adsorbed micellar components on reduction of BSA and Lsz 
adsorption by C3M-PEO204/PAA139 (C3M). Negative reduction means higher adsorption on 
the coated surface than on the native silica surface. Concentrations of the proteins were: 
Lsz: 35 mg/l and BSA: 25 mg/l, and of polymers and C3M-PEO204/PAA139: 100 mg/l. 
pH 7.1±0.2. 
Reduction 
[%] Structure of silica surface coating 
BSA Lsz 
Adsorption 
of C3M 
[mg/m2] 
Excess 
Charge 
Si/silica/C3M 
Si/silica/P2MVPI41-b-PEO204/C3M 
Si/silica/P2MVPI41-b-PEO204/PAA139/C3M 
Si/silica/P2MVPI41-b-PEO204/PAA139/P2MVPI41-b-PEO204/C3M 
Si/silica/P2MVPI41-b-PEO204/PAA139/P2MVPI41-b-PEO204/PAA139/C3M 
97 
-52 
80 
-12 
91 
64 
86 
72 
100 
56 
1.35 
0.34 
0.36 
0.03 
0.10 
- 
+ 
- 
+ 
- 
 
Adsorption of C3M-PEO204/PAA139 on a positively charged diblock copolymer 
resulted in an increase of BSA adsorption in comparison with the adsorption on 
native silica. Adsorption of BSA was reduced when C3M-PEO204/PAA139 was 
adsorbed directly on a negatively charged homopolymer. The highest reduction of 
BSA adsorption was obtained on C3M-PEO204/PAA139 layer adsorbed directly on 
silica. This indicates that the preadsorbed components disturbed the structure of the 
neutral C3M layer and enhanced the electrostatic interactions between protein 
molecules and the surface. Adsorption of Lsz depends less strongly on the structure 
of the coating. Reduction of Lsz adsorption by the pure C3M layer is slightly lower 
than by the C3M layer adsorbed on P2MVPI41-b-PEO204, probably due to a difference 
in electrostatic interaction with the two surfaces. However, a significant attraction is 
not observed when PAA139 was present directly below the C3M layer. Moreover, 
roughly up to 70-80% of the initially adsorbed Lsz could be removed from the coating 
by simply rinsing with solvent, while in case of BSA not more than 20% could be 
removed this way. These observations confirm that in order to form a functional 
complex coacervate-brush structure, both micellar components should be adsorbed 
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simultaneously, at a specific ratio. We note in passing that to calculate the adsorbed 
amounts of all polymers and proteins one assumes that adsorption of components on 
the top of the existing layer does not lead to the partial desorption/replacement of 
previously adsorbed layers. As mentioned before, reflectometry provides information 
about total mass adsorbed on the surface, and does not allow distinguishing between 
single components. However, it might well be that the low adsorbed amounts of 
C3M-PEO204/PAA139 on the polyelectrolytes layers in comparison with those on 
native silica surfaces are due to partial replacement of underlying layers. Another 
explanation may be that the PEO chains deposited via direct P2MVPI41-b-PEO204 
adsorption hampered the subsequent adsorption of C3M-PEO204/PAA139. PEO is 
known to adsorb on silica and it is possible that upon adsorption of P2MVPI41-b-
PEO204, some PEO chains bind to the surface so that a brush-like structure could not 
develop. It is tempting to conclude that the neutral blocks hinder the formation of an 
ordered polyelectrolyte multilayer due to PEO chains present on the surface, which 
cause partial decomposition of the approaching C3Ms and exclude one of its 
components from the surface. 
Influence of surface charge and mixing ratio of the diblock copolymer 
and the homopolymer on reduction of protein adsorption on silica and PS 
surfaces 
Finally, the surface charge of the silica was first altered by adsorption of PAA139 and 
P2MVPI43, followed by the adsorption of C3M-PEO204/PAA139 layers. We decided to 
use these polyelectrolytes as they represent the charged blocks in the 
C3M-PEO204/PAA139 core so that we do not need to increase the number of 
additional components in the system. The compositions of these coatings are shown 
in Table 7. 
Inspection of Table 7 shows that there is a clear influence of the surface charge on 
the functionality of a C3M-PEO204/PAA139 coating. However, it is different for different 
proteins. A higher reduction of BSA adsorption was obtained when the C3M coating 
was adsorbed on negatively charged PAA139 layer. We infer from this that there is 
Reduction of protein adsorption by C3M-PEO coatings 
 42 
electrostatic repulsion between the protein and the surface underneath the PEO 
brush. Similarly as in the previous section, the highest reduction of BSA adsorption 
was obtained by a C3M layer adsorbed directly on the native silica substrate. A 
polyelectrolyte multilayer below the C3M-PEO204/PAA139 has no influence on the 
reduction of Lsz adsorption, except when there was only a single P2MVPI43 layer 
between the silica and the C3M-PEO204/PAA139 layer. Upon adsorption of P2MVPI43, 
the surface gained extra positive charge, so that the positively charged Lsz was 
strongly repelled. When additional layers were inserted into the coating this effect 
was no longer observed. The adsorption data of BSA suggests that application of 
several polyelectrolyte layers does not fully compensate the surface charge. 
Table 7. Effect of surface charge and composition of the coating on reduction of BSA and 
Lsz adsorption on silica surfaces coated with C3M-PEO204/PAA139 (C3M). Negative reduction 
means higher adsorption on the coated surface than on the native silica surface. 
Concentration of BSA and Lsz solution was 50 mg/l, and of polymers and 
C3M-PEO204/PAA139 100 mg/l. pH 7.1±0.2. 
Reduction 
[%] Structure of silica surface coating 
BSA Lsz 
Adsorption of 
C3M [mg/m2] 
Excess 
Charge 
Si/silica/C3M 
Si/silica/P2MVPI43/C3M 
Si/silica/P2MVPI43/PAA139/C3M 
Si/silica/P2MVPI43/PAA139/ P2MVPI43/C3M 
Si/silica/P2MVPI43/PAA139/ P2MVPI43/ PAA139/C3M 
97 
10 
74 
-15 
83 
64 
92 
63 
64 
66 
1.35 
1.00 
0.63 
0.44 
0.77 
- 
+ 
- 
+ 
- 
 
Pre-adsorption of polyelectrolytes influences the adsorption of the C3Ms as well: 
adsorbed amounts of these are higher than on multilayers containing neutral PEO 
blocks, but much lower than on the native silica surfaces. Therefore, neutralization of 
the surface charge appears as an important step to obtain functional protein resistant 
coatings[53]. In principle, C3Ms allow for variable surface neutralization by 
adjustment of the ratio of positive and negative charges (f-) in the micelles. To test 
this idea, Soluble Complex Particles (SCPs) of different overall charges, coexisting 
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with C3Ms, were adsorbed on silica and polystyrene, and these thus modified 
surfaces were exposed to solutions of BSA and Lsz. 
Figure 6 reveals that electrostatic interactions play a dominant role in protein 
adsorption at the silica surface, even when this surface is coated with C3M layer. At 
f- = 0.35, which is well below the PMC (f- = 0.485, determined by DLS titrations), 
adsorption of positively charged Lsz is maximally suppressed and negatively charged 
BSA is strongly attracted to the surface. It indicates that at f- = 0.35 (and, hence 
f+ = 0.65) the overall charge of C3M-coated surface is positive. At the PMC the 
overall charge of the surface seems to be negative, because the adsorption of 
negatively charged BSA is strongly reduced and the adsorption of positively charged 
Lsz is only slightly affected. Hence, after coating the silica with neutral C3Ms the 
negative charge of the native surface may still “shine through” the C3M layer. Above 
the PMC the surface gained a negative charge. However, reduction of Lsz adsorption 
remained at a constant level of approximately 30% and reduction of BSA adsorption 
decreased further down to approximately 10%. On silica the highest adsorption of the 
coating was measured at PMC (1.45 mg/m2), and was much higher than the 
adsorbed amounts of charged SCPs: 1.36 and 0.73 mg/m2 at f- = 0.40 and f- = 0.60, 
respectively. Low adsorption at f- = 0.60 may be explained by the excluding of 
negatively charged homopolymer from the SCPs upon adsorption on negatively 
charged silica. This confirms that not only the surface charge but also the amount of 
material adsorbed on the surface influences interactions between the surface and the 
protein. 
With respect to reduction of the adsorption of both proteins the most optimal 
composition of the C3Ms to be applied for coating the silica surface is f- = 0.45 in 10 
mM NaCl, and at f- = 0.47 in 5 mM NaCl (data not shown). This optimum is a 
compromise between the adsorbed amount of coating, necessary to ensure the 
formation of the functional brush, and the excess charge, necessary to compensate 
for the charge of the native surface. Such effects were not observed on polystyrene 
surfaces. At PMC adsorption of the coating was similar as on silica (1.53 mg/m2). 
However, higher adsorption of SCPs coexisting with C3Ms was measured at f- = 0.50 
(1.91 mg/m2). Adsorption of charged SCPs was also higher on polystyrene than on 
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silica: 1.74 and 1.22 mg/m2 at f- = 0.40 and f- = 0.60, respectively. On polystyrene, 
the PMC was the optimal composition for the reduction of adsorption of both proteins. 
Reduction of protein adsorption on polystyrene was in general lower than on silica, 
and the differences between both proteins were much more pronounced, despite 
higher adsorbed amounts of coating. 
 
  
Figure 6. Reduction of protein adsorption by Soluble Complex Particles (SCP), consisting of 
P2MVPI41-b-PEO205 and PAA139 mixed at different mixing ratios (f-), on silica (a) and PS (b). 
The non-stoichiometric SCPs were adsorbed on surfaces and measurements were carried 
out in 10 mM NaCl at pH 7.1±0.2, concentration of C3Ms and SCPs was 100 mg/l. 
Concentrations of BSA and Lsz solutions were approximately 35 mg/l. Lines were added to 
guide the eye. 
The composition of the C3M coating may, to some extent, be adjusted to the 
electrical properties of the native surface. It is not clear, however, whether a fully 
developed polymeric brush could be formed upon adsorption of SCPs at low and 
high f- values. As mentioned in the introduction, SCPs are loose structures with low 
aggregation numbers. It is possible that when such SCPs were adsorbed the density 
of the brush was so low that it could be easily penetrated by smaller proteins. Upon 
adsorption of SCPs with the lowest aggregation numbers brushes are not formed at 
all. Previous measurements with single C3M-PEO204/PAA139 components showed 
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that both PAA139 and P2MVPI41-b-PEO204 adsorb on silica. Adsorption of PEO on 
silica surfaces was also reported and discussed, e.g. by Dijt[54] and by Fu et al.[55]. 
One would expect that PEO chains, in order to form a brush, need to attain a high 
density on the surface such that there is physically no room for PEO loops or trains to 
be formed. In the case of C3Ms, the surface is occupied by a complex coacervate 
layer that has a higher affinity to the surface than PEO. The PEO chains are 
therefore probably displaced, towards the bulk. This would imply that SCPs with low 
aggregation numbers do not provide a sufficient complex coacervate load to force 
PEO into a brush conformation. 
In any case, C3M-SCPs-PEO204/PAA139 cannot fully screen interactions that originate 
from the chemical composition of the native surface. An adjustment in chemical 
composition of C3Ms would seem necessary for successful application. 
Conclusions 
We have shown that C3M-PEO204/PAA139 can be used to produce a renewable 
surface coating that substantially reduces adsorption of proteins. Subsequent 
adsorption of single micellar components (diblock copolymers and polyelectrolyte) 
results in lower adsorbed amounts of neutral blocks, and does not result in significant 
reduction of protein adsorption. The protein resistance of C3Ms seems to depend on 
the composition and on the charge of the native surface underneath the coating. Our 
results also suggest that the charge composition at which stable micelles in bulk are 
formed (PMC) is not the optimal one to create an effective coating on charged 
surfaces like silica. We conclude that better results on hydrophilic silica can be 
obtained when SCPs, having an excess of a charge opposite to the surface charge, 
are applied. Moreover, the reduction of protein adsorption by a C3M coating depends 
on the chemical composition of the underlying native substrate. Therefore we 
conclude that a C3M coating should not be considered as a universal solution to 
reduce protein adsorption, but its specific polymeric composition should be carefully 
selected depending on the characteristics of the surface on which such a coating is 
applied. 
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 Chapter 3 
Reduction of protein adsorption on silica and polysulfone surfaces 
coated with Complex Coacervate Core Micelles with poly(vinyl 
alcohol) as a neutral brush forming block 
Abstract 
We have studied the formation and stability of Complex Coacervate Core Micelles 
(C3Ms) in solution, and the influence of C3M coatings on the adsorption of 
β-lactoglobulin, bovine serum albumin, and lysozyme on silica and polysulfone 
surfaces. The C3Ms consist of a block copolymer PAA50-65-b-PVA445 (poly(acrylic 
acid)-b-poly(vinyl alcohol)), with a neutral PVA block, and the positively charged 
homopolymers: P2MVPI (poly(N-methyl 2-vinyl pyridinium iodide)), or PAH·HCl 
(poly(allylamine hydrochloride)). In solution at pH 7 C3Ms disintegrate at salt 
concentration beyond 100 mM NaCl. The adsorption was studied at salt 
concentrations between 1 and 50 mM NaCl. C3Ms consisting of PAH·HCl strongly 
suppress protein adsorption on silica, also at low salt concentration. However, at high 
salt concentrations they enhance adsorption of BSA on hydrophobic polysulfone, 
probably due to the formation of complexes between BSA and PAH·HCl. Much 
smaller reduction of protein adsorption was obtained by C3Ms consisting of P2MVPI. 
The effectiveness of this coating strongly depends on the type of protein. On 
polysulfone at 50 mM NaCl we have observed only reduction of Lsz adsorption 
whereas adsorption of the negatively charged proteins was enhanced. We relate the 
results obtained for C3Ms with P2MVPI to the low density of the PVA brush, partial 
segregation of polymer chains within complex coacervate layer, and penetration of 
the adsorbed layer by the proteins. 
 
In modified form submitted as: A. M. Brzozowska, Q. Zhang, A. de Keizer, W. Norde, M.A. Cohen 
Stuart, Colloids and Surfaces A: Physicochemical and Engineering Aspects 
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Introduction 
The effect of a polymer brush, formed upon adsorption of Complex Coacervate Core 
Micelles (C3Ms) at solid-liquid interfaces, on protein adsorption has been studied by 
our group for several years[1-3]. C3Ms, also known as “Block Ionomer Complexes”[4] 
or “Polyion Complex Micelles”[5], are formed by mixing oppositely charged 
polyelectrolytes of which at least one contains a neutral block attached to the 
charged block by mixing at the Preferred Micellar Composition (PMC), i.e. the 
composition where the charge neutralization is complete. The assembly is driven by 
electrostatic attraction between the charged blocks. The oppositely charged blocks 
form a complex coacervate core which is stabilized by the neutral blocks, forming the 
corona. The detailed description of the formation of C3Ms is presented elsewhere[6]. 
The stability of the C3Ms in a solution depends on the lengths of the charged and 
neutral blocks[6], the salt concentration, and the pH[1,6,7], and these parameters 
determine the stability and the structure of the adsorbed C3M layer[7] as well. The 
main advantage of creating a brush layer with C3Ms is the easy preparation 
procedure. Van der Burgh et al.[8] and Voets et al.[9] proposed a mechanism of 
C3Ms adsorption at solid-liquid interfaces. This model shows that upon deposition at 
a solid-liquid interface the C3Ms unfold such that the complex coacervate core 
adsorbs directly to the surface and the corona forms a brush on top of the adsorbed 
complex coacervate layer. The stability and the structure of the adsorbed layer is 
influenced by the properties of the different blocks composing the C3Ms and the 
hydrophobicity of the surface[1,2]. The density of a brush layer thus created is 
usually lower than the densities of brushes formed by chemical grafting of polymer 
chains or adsorption of grafted copolymers on surfaces[1]. However, a similar 
suppression of protein adsorption may be obtained[1,2]. The composition of the 
brush layer determines its interactions with the proteins and hence the effectiveness 
in suppressing protein adsorption. 
Poly(ethylene oxide) (PEO) is the most commonly used polymer to produce 
antifouling layers[1,2,7,10-17]. However, it is also known to interact with proteins to 
some extent[18-21] and the mechanism of these interactions is not yet fully 
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understood. Another neutral polymer showing antifouling properties is poly(vinyl 
alcohol) (PVA)[22-25]. Earlier studies have shown that PVA is hydrophilic, nontoxic, 
and biocompatible[26]. It has good film-forming properties, mechanical strength, 
thermal, and pH stability[25]. These properties make PVA an interesting polymer to 
consider for application as an antifouling coating in, for instance, water purification 
and food industry. The effectiveness of PVA in suppressing protein adsorption is 
attributed to its hydrophilicity. Hydrophobic interactions are considered to be the main 
factor driving proteins to the surfaces, e.g. water purification membranes, and PVA 
was shown to significantly reduce the hydrophobicity of the covered materials[25,27]. 
Commonly PVA is applied in the form of cross-linked films. Cross-linking was found 
to increase the stability of the film on the modified surfaces[24]. Terayama et al.[27] 
reported on the formation of stable PVA brushes on silica by surface-initiated iodine-
transfer polymerization of vinyl acetate. 
The objective of this study is to prepare PVA brush layers on hydrophilic (silica) and 
hydrophobic (polysulfone) surfaces by adsorption of C3Ms, containing PVA as a 
neutral block, in order to suppress protein adsorption. The complex coacervate layer 
is expected to stabilize and to anchor the brush to the surface so that no additional 
cross-linking is required. 
The homopolymers used in this study are poly(allylamine hydrochloride), and poly(N-
methyl 2-vinyl pyridinium iodide). Poly(allylamine hydrochloride) was extensively 
studied for its ability to form stable polyelectrolyte multilayers[28-30], which are 
considered for many applications, e.g. to enhance the tensile strength of paper[31], 
encapsulation[32], drug delivery[33], and corrosion protection[34]. Derivatives of 
poly(vinyl pyridine) are also considered for many applications, e.g. catalysis[35-37], 
removal of heavy metals[38-41] and organic pollutants[42-44], water purification and 
disinfection[43,45-48], and production of materials with antibacterial properties[49-
52]. 
The silica surface was chosen as a well-defined, model hydrophilic surface. 
Polysulfone was chosen to mimic a polymeric material frequently used in production 
of membranes for water purification. The repeating unit of polysulfone is shown in 
Figure 1. 
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Figure 1. Polysulfone repeating unit. 
Polysulfone is a hydrophobic, transparent, rigid, and high-strength thermoplastic 
material. It is resistant to salts, acids, and bases (over a pH range 2-13), as well as to 
surfactants and hydrocarbon oils. However, it is not resistant to polar organic 
solvents[53]. Polysulfone is approved for contact with food (3-A Sanitary Standards 
for the Dairy Association, U.S. Food and Drugs Administration, FDA 21). 
Materials and methods 
Poly(N-methyl 2-vinyl pyridinium iodide) (P2MVPI228, Mw=56 kg/mol, PDI=1.09), with 
85% quaternization degree, was purchased from the Polymer Source Inc, Canada. 
Poly(acrylic acid)-b-poly(vinyl alcohol) (PAA50-65-b-PVA445), where subscripts refer to 
the number of monomers determined with Size Exclusion Chromatography and 
Nuclear Magnetic Resonance) was a kind gift from Christophe Detrembleur, 
University of Liège, Belgium. A detailed description of the synthesis of this block 
copolymer and its characterization are described in detail elsewhere[54]. 
Poly(allylamine hydrochloride) (PAH·HCl160, Mn=15 kg/mol, polymer content ≥95%, 
283215-5G), Lysozyme (Lsz) from chicken egg white (L6876-5G), β-lactoglobulin (β-
lac) from bovine milk, approx. 90% (L0130-5G), and bovine serum albumin (BSA), 
minimum 98% (A7030-10G) were purchased from Sigma-Aldrich. Selected properties 
of these proteins are listed in Chapter 2 (Table 1). 
Sodium chloride (NaCl), sodium hydroxide (NaOH, 1M), and hydrochloric acid (HCl, 
1M) were purchased from Sigma. All chemicals were used without further 
purification. Silicon wafers (Boron doped, orientation 100, and resistivity 7–15 Ω cm-1) 
were purchased from WaferNet, Inc., USA. A high molecular weight polysulfone 
(UDEL P3500 Resin) was a kind gift from AMOCO. 
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Characterization of C3Ms in solution 
Stock solutions of PAA50-65-b-PVA445, P2MVPI228, and PAH·HCl160 were prepared in 
MilliQ water. The stock solution of PAA50-65-b-PVA445 was prepared by dissolving 
0.30-0.35 g of the polymer in 150 ml of boiling water. After cooling down to room 
temperature, the solution was transferred to a volumetric flask and filled up to 500 ml 
with MilliQ water. Subsequently the stock solution was filtered through 0.45 μm paper 
filter and stored at 4°C. Prior to the measurements, solutions of the required polymer 
and salt concentrations were prepared from stock solutions. The pH was adjusted to 
7±0.1 with 1 M or 0.1 M NaOH or HCl, when necessary. 
A. Light Scattering (LS) titrations were performed in order to determine the 
Preferred Micellar Composition (PMC) from the maximum in scattering intensity. 
A PAA50-65-b-PVA445 solution was titrated with P2MVPI228 or PAH·HCl160 
solutions. The concentration of PAA50-65-b-PVA445 was between 0.1 to 0.2 g/l, 
and the concentrations of P2MVPI228 and PAH·HCl160 between 0.1 to 0.9 g/l. 
Polymer solutions were prepared in 1 mM NaCl. The method was also used for 
salt titrations. Titrations were performed using an ALV light scattering instrument 
equipped with an ALV_500 digital correlator and a 300 mW argon ion laser (532 
nm), at 20±0.5˚C and 90˚ detection angle. Decalin was used as a refractive 
index matching medium. 
B. Zeta potentials of samples at different mixing ratios of PAA50-65-b-PVA445, and 
P2MVPI228 or PAH·HCl160 in solution were measured with a Nanosizer (Nano ZS, 
Malvern Instruments) in order to determine the composition at the isoelectric 
point (iep). Samples were prepared in 1 mM NaCl solution. The total polymer 
concentration varied between 0.5 and 0.9 g/l. Samples were measured 
approximately 12 hours after mixing to ensure equilibrium. 
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Preparation of protein solutions 
Protein solutions were prepared prior to each experiment in MilliQ water with the 
addition of the required amount of NaCl. The pH was adjusted to 7±0.1 with 1 and 
0.1 M NaOH or HCl. 
Preparation of surfaces 
Silica surfaces were prepared as described in Chapter 2 of this thesis. 
Polysulfone coated silica surfaces were prepared as follows: a silicon wafer was cut 
into strips of approximately 1 × 5 cm2. Subsequently, the strips were cleaned with a 
freshly prepared Piranha solution (1 part of 35% H2O2 and 2 parts of 95% H2SO4) for 
2-3 minutes, and rinsed with MilliQ water. Cleaned strips were rinsed with acetone 
and dried with nitrogen gas. The polysulfone layer was created by spincoating (RDE-
/SPINCOATER Motor controller, Eco Chemie B.V) the polymer solution (5 g/l in 
chloroform) on the cleaned surfaces. Coated strips were heated up for 1 hour at 
220°C to improve the adhesion of the spincoated layer to the silicon strips. After 
cooling down, coated strips were stored in separate, dry, clean, closed vials. The 
quality of the resulting layer was controlled with Scanning Electron Microscopy (JEOL 
SEM-6480LV). Polysulfone surfaces used in the experiments were not older than 4-5 
days. 
The thicknesses of the silica and polysulfone layers were determined with 
ellipsometry (SE 400, SENTECH Instruments GmbH, Germany). The complex 
refractive index of silicon was set at n=3.85, κ=0.02 and for the refractive indexes of 
silica and polysulfone 1.46 and 1.63, respectively, were taken. Thicknesses of the 
layers were measured at several positions of the strip, and an average of at least 5 
measurements has been taken for calculation of the Qf factor used in reflectometry. 
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Reflectometry 
The adsorbed amounts were determined with a fixed angle optical reflectometer[55]. 
Changes in the measured signal (ΔS) can be related to the adsorbed amount, Γ 
(mg/m2), according to: 
0
f S
ΔSQΓ ×=
           
Eq. 2 
where Qf is the sensitivity factor (mg/m2), S0 is the initial (baseline) signal, and 
ΔS=S - S0 is a change in the signal upon adsorption on the surface. For each 
measurement Qf was calculated with “Prof. Huygens” 1.2b (Dullware Software), using 
the refractive index increments (dn/dc) of the adsorbates as determined in separate 
measurements described in the following section, and the thickness of the optical 
spacer (the substrate layer). 
 
 
Figure 2. An example of a typical reflectometry experiment. Adsorption of Lsz on silica 
coated with C3M-PVA445/P2MVPI228. Symbols: A – introduction of C3M solution, B – rinsing 
with solvent, C – introduction of Lsz solution, D – rinsing with solvent, E – final plateau. The 
experiments were carried out in 1 mM NaCl, pH 7±0.1. Concentrations of C3Ms and protein 
were 100 mg/l. 
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An example of the output of a typical reflectometry experiment is shown in Figure 2. 
The supply of the adsorbates was controlled by an impinging jet flow cell mounted on 
a reflectometer as described elsewhere[55]. At the beginning of the experiment a 
surface placed in the reflectometer cell is rinsed with solvent to establish the baseline 
signal, S0. Subsequently, the sample solution is introduced into the cell (A). 
Adsorption of the solute is monitored until a plateau is reached (B), followed by 
rinsing with solvent, and introduction of the next sample (C) and rinsing (D) until 
again a constant signal is obtained (E). All reported values were calculated based on 
amounts that remained adsorbed on the surface after rinsing with solvent, unless 
mentioned otherwise. Each measurement was repeated at least 3 times and 
averaged adsorbed amounts are reported. 
Determination of the refractive index increment (dn/dc) 
Refractive index increments (dn/dc) of the polymers were determined with a 
differential refractive index detector (Shodex RI-71, Separations). 
Table 1. Values of dn/dc (in cm3/g) used for calculations. “buffer” stands for 50 mM 
phosphate buffer, “salt” stands for 10 mM NaCl. 
Compound Solvent dn/dc 
Proteins: 
Lsz[1] 
β-lac[1] 
BSA[1] 
Polymers: 
PAA50-65-b-PVA445 
P2MVPI228[7] 
C3Ms: 
C3M-PVA445/P2MVPI228 
C3M-PVA445/PAH160 
 
buffer 
buffer 
buffer 
 
salt 
salt 
 
salt 
salt 
 
0.250 
0.196 
0.204 
 
0.128 
0.213 
 
0.158 
0.128 
 
Prior to the measurements the instrument was calibrated with NaCl. C3Ms and 
polymer solutions were prepared and measured in 10 mM NaCl. Calibration and 
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dn/dc values were determined based on at least 5 different concentrations of each 
sample. The values of dn/dc measured for PAA50-65-b-PVA445 and C3Ms, corrected 
for salt according to the method described elsewhere[7], and the values measured 
for polyelectrolytes and proteins[1], used in further calculations, are listed in Table 1. 
Results and discussion 
Formation of C3Ms in solution 
Formation of micellar particles by mixing a grafted block copolymer with an 
oppositely charged polyelectrolyte has been studied by LS titrations as a function of 
the mixing ratio. The Preferred Micellar Composition (PMC), i.e., the mixing ratio at 
which the micelles (C3Ms) are formed[6] can be determined from the mixing ratio at 
which the maximum scattering intensity is observed. Experimental results for mixing 
PAA50-65-b-PVA445, and P2MVPI228 or PAH·HCl160 are shown in Figures 3a and 3b 
respectively. The mixing ratio f- is defined as the fraction of the negatively chargeable 
groups in C3Ms assuming that 85% monomers, as determined by the supplier, in 
P2MVP228 and all monomers in PAH·HCl160 carry a charge. 
])[]([
][
++−
−
=−f
           
Eq. 3 
[-] and [+] are the number of moles of negatively and positively chargeable groups, 
respectively. 
C3Ms are expected to be formed by the oppositely charged polyelectrolytes mixed 
PMC. The neutral, water-soluble corona surrounding the complex coacervate core 
prevents the complex coacervate to grow to macroscopic dimensions. Thus, at  
f- = 0.5 electrically neutral particles are expected. Determination of the zeta potential 
for different mixing ratios (f-) reveals that in a solution at the PMC 
C3M-PVA445/P2MVPI228 and C3M-PVA445/PAH160 are, within experimental error, 
electrically neutral, thus the PMC corresponds well to the iep. However, for both 
systems the mixing ratio corresponding to the PMC deviates significantly from  
f- = 0.5, i.e. f- = 0.57 and 0.69, respectively. The origin of the observed shift in f- is 
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not obvious, and most likely must be related to uncertainties in the characterization of 
the block copolymer. The number of PAA-groups was estimated to be between 50 
and 65[54]. We assumed the lower limit of 50 chargeable groups in PAA50-65-b-
PVA445. However, it seems that this value is still overestimated. During the 
preparation of the PAA50-65-b-PVA445 solution approximately 4% of the polymer was 
lost during the filtration step. However, this corresponds to only a minor shift in the f- 
value: 0.01. Hence, it seems that the block lengths and/or purity of the PVA block 
copolymer results in a too high f- for the PMC/iep, and as a consequence also in an 
uncertainty in the micellar concentration. However, for the underlying investigations 
the formation of well-defined neutral micelles is relevant rather than the exact 
concentration at which micelles are formed. 
 
  
Figure 3. Formation of C3Ms in bulk as measured with LS titrations and zeta potential 
measurements. Left Y axis: zeta potential, right Y axis: scattering intensity [kHz] corrected for 
the total concentration, c [g/l], of the polymer. Symbols: ○ LS titration curves of PAA50-65-b-
PVA445 with P2MVPI228 (a) and PAH·HCl160 (b) in 1 mM NaCl, pH 7, ● zeta potentials of 
C3M-PVA445/P2MVPI228 (a) and C3M-PVA445/PAH160 (b) measured at various mixing ratios 
(f-) in 1 mM NaCl. Lines were added to guide the eye. 
Radii of hydration (Rh) of the C3Ms determined by DLS titrations are approximately 
33 nm and 30 nm for C3M-PVA445/P2MVPI228 and C3M-PVA445/PAH160, respectively. 
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Thus, it seems that regular C3Ms are formed. All C3Ms in this study were prepared 
at the f- value corresponding to the PMC and therewith also to the iep. 
Stability against salt 
The stability of the C3Ms in solution depends strongly on the strength of the 
interactions between the polyelectrolytes in the complex coacervate core. At low salt 
concentrations, electrostatic attraction between oppositely charged polyelectrolytes is 
strong but with increasing salt concentrations electrostatic interactions are more and 
more screened. The effect of the salt concentration on the scattering intensities and 
the hydrodynamic radii (Rh) of C3M-PVA445/P2MVPI228 and C3M-PVA445/PAH160 are 
shown in Figures 4a and 4b, respectively. 
 
  
Figure 4. Effect of the salt concentration on the stability of C3M-PVA445/P2MVPI228 (a) and 
C3M-PVA445/PAH160 (b) as determined with DLS titrations. Left Y axis: Scattering intensity  
(I [kHz]) divided by the total polymer concentration (c [g/l]), right Y axis: hydrodynamic radii 
(Rh). Experiments were carried out at the PMC, pH 7. 
The salt effect is not the same for different complexes. It seems to be strongly 
influenced by the nature of the homopolymer. For the P2MVP homopolymer the 
scattering intensity of C3M-PVA445/P2MVPI228 decreases rapidly with increasing salt 
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concentration whereas the Rh increases to values around 100 nm for cNaCl above 
0.1 M. For the PAH·HCl homopolymer the scattering intensity also decreases up to 
1M NaCl but more gradually. Rh increases gradually to about 50 nm at 1M NaCl. 
Thus, C3Ms with PAH·HCl homopolymer are significantly more stable against salt 
than C3Ms with P2MVP. The reason is not clear; perhaps the PAH/PAA ion pairs are 
closer due to the absence of methyl groups. 
Adsorption of C3Ms on silica and polysulfone 
Adsorption of C3M-PVA445/P2MVPI228 and C3M-PVA445/PAH160 on silica and 
polysulfone was studied with fixed angle optical reflectometry. Experimental results 
are presented in Figures 5 and 6. 
 
  
Figure 5. An example of adsorption curves showing the irreversibility of the adsorption of 
PAA50-65-b-PVA445 coatings on silica (a) and polysulfone (b). Arrows indicate the addition of 
the solvent. Concentrations of C3Ms in solutions were 100 mg/l. Experiments were carried 
out at 10 mM NaCl, pH 7±0.1. Homopolymers present in the C3Ms are indicated above the 
curves. 
Initial adsorption of both C3Ms on silica and polysulfone is fast, after which it slowly 
levels off to reach a plateau value after 2-3 hours. Upon rinsing with solvent 
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(indicated by the arrows in Figure 5) any loosely adsorbed fraction is removed from 
the surface. The adsorbed amount of C3M-PVA445/PAH160 is lower than that of 
C3M-PVA445/P2MVPI228 on both surfaces. The loosely adsorbed fraction is very small 
(<8%) for PAH·HCl homopolymer and somewhat higher for the P2MVP homopolymer 
(<15%). 
In Figure 6 the effect of the salt concentration on the C3Ms adsorption is presented. 
The adsorbed amounts are higher on polysulfone than on silica. The adsorbed 
amounts of C3Ms with poly(allylamine) homopolymer decreases weakly with 
increasing salt concentration. There is hardly any effect of salt concentration on 
adsorption of C3Ms with P2MVPI. Adsorbed amounts of C3M-PVA445/PAH160 are 
comparable to these of C3M-PVA445/P2MVPI228 on both surfaces. An exception is the 
adsorption of C3Ms with PAH·HCl homopolymer on silica at 10 mM NaCl. This data 
point is well established but the reason of the low adsorption is not clear. 
Adsorption of the C3M-PVA‘s on hydrophilic silica surface occurs most likely 
according to the mechanism proposed by van der Burgh et al.[3] and Voets et al.[9] 
This mechanism assumes that upon adsorption on a solid-liquid interface C3Ms 
“unfold” in a way that the complex coacervate core attaches to the solid surface and 
the neutral corona blocks form a brush layer on top of the complex coacervate layer. 
This process is a balance between the stability of the micelles and the wetting 
properties of the surface, the core, and the corona[2]. Because of the strong affinity 
of PVA to hydrophobic surfaces different mechanism is likely for its adsorption on 
polysulfone. PVA is surface-active at hydrophobic solid-water interfaces[56] and 
adsorption of PVA to the hydrophobic surfaces was reported to be irreversible[22,56-
58]. Both, the degree of hydrolysis and molecular weight affect the adsorption 
behaviour and wettability of the resulting film. Thus, if the adsorption affinity of the 
PVA corona chains is higher than that of the core, it is expected that C3M-PVA 
micelles do not unfold at the polysulfone surface but adsorb on the surface via their 
corona PVA chains. In this case they occupy less area. This may explain the higher 
adsorbed amounts of C3Ms, and lower fraction of the loosely adsorbed C3Ms 
observed for polysulfone surfaces. Moreover, less influence of the salt concentration 
would be expected as well. 
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Figure 6. Adsorption of C3M-PVA445/P2MVPI228 (a) and C3M-PVA445/PAH160 (b) coatings on 
silica and polysulfone surfaces, and the average grafting densities of PVA chains on both 
surfaces, at various concentrations of NaCl. Concentrations of C3Ms in solutions were 
100 mg/l, pH 7. Lines were added to guide an eye. 
Effect of C3Ms coatings on protein adsorption 
Protein adsorption on silica and polysulfone surfaces coated with 
C3M-PVA445/P2MVPI228 and C3M-PVA445/PAH160 at different salt concentrations was 
also determined with fixed angle optical reflectometry. For comparison, we first 
measured protein adsorption on native silica[7] and polysulfone. Experimental results 
are presented on Figures 7a and 7b, respectively. 
The salt effect on protein adsorption is rather complicated as it depends on the 
relative contributions from electrostatic and hydrophobic interactions to the 
adsorption process. In most cases the salt effect is relatively small indicating the 
importance of hydrophobic interactions. On polysulfone adsorbed amounts of β-lac 
and Lsz increase with increasing salt concentration, whereas adsorbed amount of 
BSA remains constant. Adsorption of Lsz and BSA on silica is significantly higher at 
1 mM NaCl than at higher salt concentrations indicating the importance of 
electrostatic interactions for these proteins and silica. 
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Figure 7. Adsorption of proteins on native silica[7] (a) and polysulfone (b) surfaces. 
Concentrations of proteins in solutions were 100 mg/l. pH 7±0.1. Lines were added to guide 
the eye. 
In Figures 8 and 9 we present the experimentally determined reduction of protein 
adsorption on silica and polysulfone surfaces, coated with C3M-PVA445/P2MVPI228 
and C3M-PVA445/PAH160, respectively. Reduction factor (%) is defined with respect to 
the adsorption Γ0 of the proteins on the native silica and polystyrene surfaces: 
Reduction = (1-Г/Г0)×100%. 
Reduction of protein adsorption by both coatings on silica weakly depends on salt 
concentration. The performance with respect to reduction of protein adsorption is 
better for the PAH·HCl coating. Moreover, for P2MVP as homopolymer the reduction 
depends much stronger on the type of protein. The highest reduction was observed 
for the positively charged Lsz (>90%) on a PAH·HCl coating. Reduction of the 
negatively charged β-lac adsorption (and to a lesser extent of negatively charged 
BSA) with P2MVP coatings was rather poor, and could be an indication that a small 
fraction of the positively charged homopolymer is protruding from the brush layer, 
where it favorably interacts with the negatively charged proteins. 
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Figure 8. Reduction of protein adsorption on silica by pre-adsorbed C3M-PVA445/PAH160 layer 
(a) and C3M-PVA445/P2MVPI228 layer (b). Concentrations of proteins and C3Ms in solutions 
were 100 mg/l. pH 7±0.1. Lines were added to guide the eye. 
Protein adsorption on polysulfone coated with C3M-PVA445/P2MVPI228 shows strong 
dependence on salt concentration and protein type. Reduction of BSA adsorption 
decreases from 30 to -10% as salt concentration increases from 1 to 50 mM NaCl. 
Reduction of β-lac adsorption strongly decreases with increasing salt concentration. 
Above 10 mM NaCl β-lac adsorption on the coated surface exceeds adsorption on 
the native polysulfone (negative reduction), and is twice as high at 50 mM NaCl. 
These data again indicate too low grafting density of PVA and possible exposure of 
P2MVPI228 towards the solution. Formation of complexes between β-lac and 
P2MVPI228, and BSA and P2MVPI228 may also add to these results[7]. 
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Figure 9. Reduction of protein adsorption on polysulfone by pre-adsorbed C3M-
PVA445/PAH160 layer (a) and C3M-PVA445/P2MVPI228 layer (b). Concentrations of proteins 
and C3Ms in solutions were 100 mg/l. pH 7±0.1. Lines were added to guide the eye. The 
negative reduction means higher protein adsorption on coated surfaces than on the native 
surfaces. 
Adsorption of the negatively charged proteins on polysulfone surfaces coated with 
C3M-PVA445/PAH160 shows different behaviour. Reduction of β-lac adsorption is 
moderate (60-65%) and weakly depends on salt concentration. The reduction of BSA 
adsorption shows a maximum at 10 mM NaCl. At 50 mM NaCl adsorption of BSA on 
C3M-PVA445/PAH160 coating is higher than on the native surface (negative reduction). 
This result may be explained by the formation of complexes between BSA and 
PAH·HCl. The adsorbed amount of C3M-PVA445/PAH160 corresponds to area of 12.5 
to 16.7 nm2 per PAA50-65-b-PVA445 chain, for 1 and 100 mM NaCl, respectively. This 
density allows for the coating to be penetrated by the proteins of the size of BSA. The 
penetration by smaller β-lac is expected. Simultaneously, at higher salt concentration 
the interaction between charged blocks in a complex coacervate layer are weakened. 
Ball et al.[59] report on formation of the soluble complexes between BSA and PAH. 
The largest aggregates formed at a specific ratio of BSA to PAH (rmax) were shown to 
be electrically neutral. At mixing ratios deviating from rmax the net charge of the 
complexes corresponds to the charge carried by the molecule present in excess. At 
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given mixing ratio the size of the aggregates was shown to depend on the salt 
concentration, and to increase as the salt concentration decreases. Authors have 
shown that these complexes are thermodynamically stable, and concluded that their 
formation is entropically driven. Apparently, similar complexation does not occur 
between β-lac and PAH·HCl160 or Lsz and PAH·HCl160 under experimental conditions 
discussed here. 
On hydrophobic polysulfone the effect of the polymer segregation within the complex 
coacervate layer and low grafting densities are even more pronounced. On both 
C3M-PVA445/P2MVPI228 and C3M-PVA445/PAH160 coatings a significant reduction of 
Lsz adsorption was obtained. On C3M-PVA445/P2MVPI228 reduction of Lsz adsorption 
goes through a minimum at 10 mM NaCl (40%), becoming much higher at 1 and 
50 mM NaCl (100% and 90%, respectively). On C3M-PVA445/PAH160 the reduction of 
Lsz adsorption was approximately 80%, and was not affected by the increase in salt 
concentration. 
From the results in Figures 8 and 9 it follows clearly that the properties of the two 
coatings differ. This may be explained by the different properties of the complex 
coacervate phases of the two systems. One factor is the chemical composition and 
another one is the structure. The structure of a polyelectrolyte multilayer formed with 
PAA and PAH is strongly influenced by the amount of salt present in a solution from 
which adsorption of the polyelectrolytes takes place[60]. In the absence of additional 
salt a smooth and homogeneous multilayer is formed. As salt concentration 
increases, the roughness and structure of the layer change. Kovacevic et al.[28,61] 
have shown that for a system containing weak polyelectrolytes there is a typical 
”glass transition ionic strength”, influenced by the types of ions present in a solution, 
above which the polyelectrolyte multilayer has liquid-like properties. For the PAA-
PAH system this glass transition occurs at very low salt concentrations, which implies 
that at low salt concentration PAA and PAH chains in a complex coacervate layer are 
immobile and the electrostatic attraction between them is very strong. Thus, at low 
salt concentration the adsorbed C3M-PVA445/PAH160 layer is expected to effectively 
suppress protein adsorption and to not interact with the proteins. As the salt 
concentration increases interaction between PAA and PAH becomes weaker so that 
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the chains in complex coacervate layer are more mobile, allowing partial segregation 
upon adsorption. 
The adsorbed amount of PAA50-65-b-PVA445 on silica is lower than on polysulfone. 
However, the brush density at the coating-solution interface does not only depend on 
the adsorbed amount but also on the structure of the C3M layer. We anticipate that 
on silica surface all neutral brush forming blocks are in contact with solution, whereas 
for reasons discussed above on a polysulfone surface a fraction of the neutral blocks 
are in contact with the hydrophobic surface. As a consequence the performance of 
the coating with respect to protein reduction is better for silica than for polysulfone. 
The performance of C3Ms with PAH·HCl is better than that for micelles with P2MVP 
which is in line with the higher salt stability of the micelles prepared from PAH·HCl. 
Conclusions 
We discussed protein adsorption on silica and polysulfone surfaces coated with 
C3Ms consisting of PAA50-65-b-PVA445 and P2MVPI228, and of PAA50-65-b-PVA445 and 
PAH·HCl160. PVA was used as a brush forming polymer as it is known to suppress 
fouling by making surfaces strongly hydrophilic, as well as for its biocompatibility and 
lack of toxicity. In order to improve the reduction of protein adsorption at low salt 
concentrations the complex coacervate core was made of PAA and PAH·HCl160, as 
this combination of weak polyelectrolytes is known to be in a glassy state under such 
conditions. Both types of C3Ms adsorb on silica and polysulfone. Adsorption of 
C3M-PVA440/PAH160 was lower than adsorption of C3M-PVA445/P2MVPI228 but also 
less reversible. On hydrophilic silica complete reduction of Lsz adsorption by 
C3M-PVA445/PAH160 was obtained. Reduction of negatively charged proteins was 
more than 70%. Reduction obtained by C3M-PVA445/P2MVPI228 was much lower and 
strongly dependent on the type of protein. For both systems reduction weakly 
depends on salt concentration. On polysulfone the highest suppression of protein 
adsorption was measured for Lsz. Adsorption of the negatively charged β-lac and 
BSA was not suppressed or was even higher than on the native surfaces. We 
attribute these results to the low density of PVA chains, allowing penetration of the 
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layer by small proteins, like β-lac, and to the formation of complexes between BSA 
and PAH·HCl. 
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 Chapter 4 
Grafted Block Ionomer Complexes and their effect on protein 
adsorption on silica and polystyrene 
Abstract 
We have studied the formation and the stability of Grafted Block Ionomer Complexes 
(GBICs) in solution and the influence of GBICs coatings on the adsorption of the 
proteins β-lactoglobulin, bovine serum albumin, and lysozyme. The GBICs consist of 
a grafted block copolymer PAA21-b-PAPEO14 (poly(acrylic acid)-b-poly(acrylate 
methoxy poly(ethylene oxide))), with a negatively charged PAA block and a neutral 
PAPEO block, and a positively charged homopolymer P2MVPI (poly(N-methyl 2-vinyl 
pyridinium iodide)). In solution GBICs partly disintegrate at salt concentrations 
between 50 and 100 mM NaCl. Adsorption of GBICs and proteins has been studied 
at salt concentrations ranging from 1 to 100 mM NaCl. In comparison with the 
adsorption of PAA21-b-PAPEO14 alone adsorption of GBICs significantly increases 
the amount of PAA21-b-PAPEO14 on the surface. The stability of the GBIC coatings 
and their influence on protein adsorption are determined by the composition and the 
stability of the GBICs in solution. A GBIC-PAPEO14/P2MVPI43 coating strongly 
suppresses the adsorption of all proteins on silica and polystyrene. The reduction of 
protein adsorption is the highest at 100 mM NaCl (>90%). The adsorbed GBIC-
PAPEO14/P2MVPI43 layer is partly removed from the surface upon exposure to an 
excess of β-lactoglobulin solution, due to formation of soluble aggregates consisting 
of β-lactoglobulin and P2MVPI43. In contrast GBIC-PAPEO14/P2MVPI228 which has a 
fivefold longer cationic block enhances adsorption of the negatively charged proteins 
on both surfaces at salt concentrations above 1 mM NaCl. 
 
In modified form accepted for publication as: Brzozowska A.M., de Keizer A., Norde W., Detrembleur 
C., Cohen Stuart M.A., (2010), Colloid and Polymer Science. 
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Introduction 
In polymer brush coatings the grafting density is an important parameter in 
suppressing protein adsorption. Densely grafted polymer chains prevent penetration 
of the brush by protein molecules and, as a consequence, suppress adsorption of 
proteins on the native surface (primary adsorption)[1]. Relatively high brush densities 
can be obtained by chemical grafting of polymer chains to the surfaces (“grafting to”, 
and “grafting from” methods). However, these methods are time-consuming and 
require several preparation steps. In recent papers[2-4] we reported on the formation 
of brush layers by adsorbing reversible, self-assembled micellar structures known as 
“Complex Coacervate Core Micelles” (C3Ms)[5], also called “Block Ionomer 
Complexes”[6] or “Polyion Complex Micelles”[7]. C3Ms are formed upon mixing 
oppositely charged linear polyelectrolytes, of which at least one contains a neutral 
soluble block. Due to electrostatic attraction, the oppositely charged blocks form the 
complex coacervate core which is stabilized by the neutral corona blocks[5,8,9]. 
Upon addition of homopolymers to oppositely charged diblock copolymers in sub-
stoichiometric amounts, charged, loose structures with low aggregation numbers, so-
called Soluble Complex Particles (SCPs), are formed. At a critical composition, close 
to stoichiometry, neutral C3Ms are formed and the number of SCPs decreases to 
zero at the Preferred Micellar Composition (PMC). The charge composition (mixing 
ratio) of C3Ms may be defined by the ratio (f-) of the number of negatively chargeable 
groups to the total number of (negatively and positively) chargeable groups. A 
mechanism of the interaction of C3Ms with solid-liquid interfaces has been proposed 
previously by van der Burgh et al.[4] and Voets et al.[10]. According to this model, 
upon adsorption at the interface C3Ms unfold in such a way that their corona forms a 
brush on top of a complex coacervate layer attached directly to the solid-liquid 
interface (Figure 1A). The effect of a C3M coating on protein adsorption strongly 
depends on its composition and structure, the surface properties, and the salt 
concentration[2]. The densities of the brushes thus formed by the C3Ms systems 
were found to be rather low and often insufficient to fully suppress adsorption of 
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proteins[2]. In this study we focus on the improvement of the density of the C3M 
brush. The brush density may be increased by adsorption of comb copolymers[11-
13] or grafted block copolymers instead of linear polymers (Figure 1B). The density of 
the neutral brush-forming chains is partly pre-determined by the density of their 
chemical grafting to the backbone. However, adsorption of such chains on a solid-
liquid interface may result in low surface coverage and, hence, in low overall brush 
density. Here, we combine the high density of the neutral chains in grafted block 
copolymers with the formation of C3Ms (Figure 1C). This approach may allow for an 
increase of the brush density resulting in a better reduction of protein adsorption. The 
structure of the grafted block copolymer may have a significant influence on the 
structure of thus formed aggregates, i.e. the core-corona structure may not be as well 
defined as in regular C3Ms. Therefore, we call these aggregates Grafted Block 
Ionomer Complexes (GBICs). 
 
Figure 1. Schematic representation of a concept of polymer brushes formation upon 
adsorption of A: regular C3Ms consisting of a linear block copolymer and a linear 
polyelectrolyte, B: a model grafted block copolymer, C: GBICs consisting of a model grafted 
block copolymer and a linear polyelectrolyte. 
The aim of this work is to investigate the formation and stability of GBICs in solution, 
their adsorption on silica and polystyrene, and the effect of the adsorbed GBIC layer 
on protein adsorption. 
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Materials and methods 
Chemicals 
Poly(2-vinyl pyridine)-b-poly(ethylene oxide) (P2VP41-b-PEO204, Mn=13.3 kg/mol, 
PDI=1.05), polystyrene (Mn=885 kg/mol, PDI=1.08), and poly(N-methyl 2-vinyl 
pyridinium iodide) (P2MVPI228, Mn=56 kg/mol, PDI=1.09) were purchased from 
Polymer Source Inc., Canada. Poly(2-vinyl pyridine) (P2VP43, Mn=4.15 kg/mol, 
PDI=1.09) was purchased from Polymer Standard Service (Mainz, Germany). The 
synthesis of poly(acrylic acid)-b-poly(acrylate methoxy poly(ethylene oxide)) 
(PAA21-b-PAPEO14, Mn=8.86 kg/mol, PDI=1.4) has been described elsewhere[14]. Its 
structure is shown in Figure 2. According to the molecular structure we used 22 PAA 
groups in our charge calculations. 
 
 
Figure 2. Structure of PAA21-b-PAPEO14. 
The molecular mass of each APEO graft is 450 g/mol, corresponding to a length of 
the PEO chains of 8-9 monomers. Styrene (99%), iodomethane (99%), lysozyme 
(Lsz) from chicken egg white (L6876-5G), β-lactoglobulin (β-lac) from bovine milk, 
approx. 90% (L0130-5G), and bovine serum albumin (BSA), minimum 98% (A7030-
10G) were purchased from Sigma. Selected properties of these proteins are listed in 
Chapter 2 (Table 1). 
Sodium chloride (NaCl), sodium hydroxide (NaOH, 1M), and hydrochloric acid (HCl, 
1M) were purchased from Sigma. All chemicals were used as received. 
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Silicon wafers (Boron doped, orientation 100, and resistivity 7–15 Ω cm-1) were 
purchased from WaferNet, Inc., USA. 
Quaternization of P2VP 
Poly(2-vinyl pyridine) (P2VP43) and poly(2-vinyl pyridine)-b-poly(ethylene oxide) 
(P2VP41-b-PEO204), were quaternized according to the following procedure: 1 g of 
(co)polymer was dissolved in 35 ml of N,N-dimethylmethanamide. Three ml of 
iodomethane were added and the mixture was allowed to react for 48 hours at 60°C, 
under nitrogen gas flow and stirring. A second portion of 3 ml iodomethane was 
added 24 hours after the beginning of the reaction. Subsequently, the quaternized 
polymer was precipitated with ether, filtered, washed several times with fresh 
portions of ether, and dried overnight in a vacuum oven at 48°C. The degree of 
quaternization of P2MVPI43 was determined by elemental analysis to be 
approximately 89%[15]. The degree of quaternization of P2MVPI41-b-PEO204 was 
verified by Dynamic Light Scattering titration with PAA139 at pH 7. At stoichiometric 
charge ratio micelles are formed and the position of the maximum intensity provides 
an estimation of the degree of quaternization. 
Characterization of GBICs in solution 
Stock solutions of P2MVPI41-b-PEO204, PAA21-b-PAPEO14, P2MVPI228, and 
P2MVPI43 in MilliQ water were prepared. Prior to the measurements, solutions of the 
required polymer and salt concentrations were prepared from stock solutions. The pH 
was adjusted to 7±0.1 with 1 or 0.1 M NaOH and HCl, when necessary. 
A. Dynamic Light Scattering (DLS) titrations were performed in order to determine 
the Preferred Micellar Composition (PMC). During the titration P2MVPI solutions 
were titrated into PAA21-b-PAPEO14 solution. The concentration of 
PAA21-b-PAPEO14 was 0.1 g/l, and the concentration of P2MVPI varied from 
1 to 5 g/l. Polymer solutions were prepared in 10 mM NaCl. Titrations were 
performed using an ALV light scattering instrument equipped with an ALV_500 
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digital correlator and a 300 mW argon ion laser (532 nm), at 25±0.5˚C and 90˚ 
detection angle. Decalin was used as a refractive index matching medium. 
B. Zeta potentials of GBICs in solution were measured with a Nanosizer (Nano ZS, 
Malvern Instruments). Samples at different mixing ratios (f-) of 
PAA21-b-PAPEO14 and P2MVPI were prepared in 10 mM NaCl solution. 
Conversion of the acrylic acid block to sodium acrylate was done by addition of 
a 1 M NaOH solution. The total polymer concentration was 0.5 g/l. Samples 
were measured approximately 14 hours after mixing to ensure equilibrium. 
Preparation of protein solutions 
Protein solutions were prepared prior to each experiment in MilliQ water with the 
addition of the required amount of NaCl. The pH was adjusted to 7±0.1 with 1 and 
0.1 M NaOH or HCl. 
Preparation of the surfaces 
Silica and polystyrene surfaces were prepared and characterized as described in 
Chapter 2 of this thesis. 
Reflectometry 
The adsorbed amounts were determined with a fixed angle optical reflectometer, 
described in detail elsewhere[16]. Changes in the measured signal (ΔS) can be 
related to the adsorbed amount, Γ (mg/m2), according to: 
0S
SQf
Δ
×=Γ            Eq. 1 
where Qf is the sensitivity factor (mg/m2), S0 is the initial (baseline) signal, and 
ΔS=S - S0 is a change in the signal upon adsorption on the surface. For each 
measurement Qf was calculated with “Prof. Huygens” 1.2b (Dullware Software), using 
the refractive index increments of the adsorbates (dn/dc) and the thickness of the 
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optical spacer (the top substrate layer). The dn/dc values for the single components 
were determined in a separate experiment (see below). 
An example of the output of a typical reflectometry experiment is shown in Figure 3. 
At the beginning of the experiment a surface placed in the reflectometer cell is rinsed 
(impinging jet flow, flow rate ≈ 2 ml/min, cell volume ≈ 3 ml) with solvent to establish 
the baseline signal, S0. Subsequently, the sample solution is introduced into the cell 
(A) gradually replacing the solvent. Adsorption of the solute is monitored until a 
plateau is reached (B), followed by rinsing with solvent, and introduction of the next 
sample (C) and rinsing (D) until again a constant signal is obtained (E). All reported 
values were calculated based on amounts that remained adsorbed on the surface 
after rinsing with solvent, unless mentioned otherwise. Each measurement including 
protein adsorption was repeated at least 3 times and averaged values are reported. 
 
 
Figure 3. Example of a typical reflectometry experiment: adsorption of β-lac on coated silica. 
Determination of the refractive index increment (dn/dc) 
Refractive index increments (dn/dc) of the polymers were determined with a 
differential refractive index detector (Shodex RI-71, Separations). Prior to the 
measurements the instrument was calibrated with NaCl. GBICs and polymer 
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solutions were prepared and measured in 10 mM NaCl. Conversion to sodium 
acrylate was done by addition of a 1 M NaOH solution. Calibration and dn/dc values 
were determined based on at least five different concentrations of each sample. 
Table 1. Values of refractive index increments (dn/dc, [cm3/g]) used for calculations. “buffer” 
stands for 50 mM phosphate buffer, “salt” stands for 10 mM NaCl. 
Compound Solvent dn/dc 
Proteins: 
Lsz[2] 
β-lac[2] 
BSA[2] 
Polymers: 
PAA21-b- PAPEO14 
P2MVPI43 
P2MVPI228 
GBICs: 
GBIC-PAPEO14/P2MVPI43 
GBIC-PAPEO14/P2MVPI228 
 
buffer 
buffer 
buffer 
 
salt 
salt 
salt 
 
salt 
salt 
 
0.250 
0.196 
0.204 
 
0.148 
0.204 
0.213 
 
0.162 
0.159 
 
The dn/dc of the adsorbed GBICs cannot be measured directly but has to be 
estimated from the corresponding values measured in solution. The experimental 
dn/dc as measured in solution consists of two components: the dn/dc of 
polyelectrolytes forming the GBICs, and the dn/dc of the corresponding (expelled) 
counterions (salt). We assume that the adsorbed layer of GBICs is homogeneous, 
but it is likely that this layer consists of sub-layers (complex coacervate layer, brush 
layer). The layer consists of a mixture of charged diblock copolymers, and an 
oppositely charged homopolymer at stoichiometric charge ratio, assuming absence 
of excess salt. Therefore, the experimentally obtained value of dn/dc for the GBICs in 
bulk has to be corrected for the salt expelled upon GBICs formation before using it in 
calculations of the Qf values. The detailed calculation procedure is presented in 
Appendix 1. 
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The values of dn/dc measured for PAA21-b-PAPEO14 and GBICs corrected for salt, 
and the values measured for polyelectrolytes and proteins[2], used in further 
calculations, are listed in Table 1. 
Results and discussion 
Formation of GBICs in solution 
Formation of micellar particles by mixing a grafted block copolymer with an 
oppositely charged polyelectrolyte has been studied by DLS titrations as a function of 
the mixing ratio f-. The mixing ratio f- is defined as the fraction of the negatively 
chargeable groups assuming that 89% of the monomers in P2VP43 and 85% of the 
monomers, as determined by the supplier, in P2VP228 is quaternized. 
])[]([
][
++−
−
=−f            Eq. 2 
[-] and [+] are the total number of moles of negatively and positively chargeable 
groups, respectively. The Preferred Micellar Composition (PMC), i.e., the mixing ratio 
at which the maximum number of complexes (GBICs) are formed[9] can be 
determined from the position of the maximum scattering intensity (if the size of the 
micelles does not vary, or only weakly varies with f-). Experimental results for mixing 
PAA21-b-PAPEO14, with P2MVPI43 or P2MVPI228 are shown in Figure 4a and 4b 
respectively. 
GBICs are formed by the oppositely charged polyelectrolytes mixed at stoichiometric 
charge ratio. The neutral corona surrounding the complex coacervate core prevents 
the complex coacervate to grow to macroscopic dimensions. Thus, at f- = 0.5 
electrically neutral particles are expected. Determination of the zeta potentials for 
different mixing ratios (f-) reveals that in a solution at stoichiometric charge ratio 
(f- = 0.5) GBICs are, within experimental error, electrically neutral. The dζ/df- values 
are almost identical for both systems, and do not differ for negatively and positively 
charged aggregates (Figure 4). For the short homopolymer the isoelectric point 
corresponds well to the PMC, i.e. the maximum in the scattering intensity. However, 
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for the long homopolymer the maximum number of micelles is found if the 
aggregates carry an excess positive charge, i.e. at f- = 0.45. In this case, the 
maximum scattering intensity is more pronounced than for the short homopolymer. 
We relate this observation to the limited flexibility of the grafted block copolymer 
resulting from the presence of the side groups. Apparently, due to the steric effects, 
the negatively charged PAA21-blocks are easier to access, i.e. can be more 
effectively neutralized by the positively charged groups on short P2MVPI43 than by 
the charged groups on long P2MVPI228. All GBICs in this study were prepared at 
compositions corresponding to maximum in scattering intensity (PMC), i.e. at f- = 0.5 
for GBIC-PAPEO14/P2MVPI43, and at f- = 0.45 for GBIC-PAPEO14/P2MVPI228. 
 
  
Figure 4. Formation of GBICs in bulk as measured with DLS titrations and zeta potential 
measurements. Left Y axis: zeta potential, right Y axis: scattering intensity [kHz] divided by 
the total concentration, c [g/l], of the polymer. Symbols: ○ DLS titration curves of 
PAA21-b-PAPEO14 with P2MVPI43 (a) and P2MVPI228 (b) in 10 mM NaCl, pH 7, ● zeta 
potentials of GBIC-PAPEO14/P2MVPI43 (a) and GBIC-PAPEO14/P2MVPI228 (b) measured at 
various mixing ratios (f-) in 10 mM NaCl, pH 7. Lines were added to guide the eye. 
The hydrodynamic radii (Rh) of the GBIC-PAPEO14/P2MVPI43 and 
GBIC-PAPEO14/P2MVPI228, as determined with DLS titrations, are 105 and 85 nm, 
respectively, and do not vary significantly in the f- range between 0.4 and 0.6. The 
large hydrodynamic radii determined experimentally suggest that the discussed 
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GBICs are not regular micelles but rather aggregates consisting of small micelles. 
Most probably these small micelles aggregate due to hydrophobic interactions 
originating from the hydrophobic end-group in the PAA21-b-PAPEO14 molecule (see 
Figure 2). A more detailed discussion on the structure of these aggregates is 
presented in Chapter 6 of this thesis. 
Stability of GBICs in a solution 
Stability against salt 
The stability of the GBICs in solution is strongly dependent on the strength of the 
interactions between the polyelectrolytes in the complex coacervate core. At low salt 
concentration, electrostatic attraction between oppositely charged polyelectrolytes is 
strong but with increasing salt concentrations electrostatic interactions are more and 
more screened. At salt concentrations higher than 50 mM NaCl the scattering 
intensity of GBIC-PAPEO14/P2MVPI43 in solution decreases and the observed 
hydrodynamic radii of GBICs increase to values above 250 nm. Above 200 mM NaCl 
the scattering intensity of GBIC-PAPEO14/P2MVPI43 stabilizes at 60% of its value at 
1 mM NaCl. A similar decrease in scattering intensity and increase in the 
hydrodynamic radii is observed for GBIC-PAPEO14/P2MVPI228 at salt concentrations 
above 100 mM NaCl. Above 400 mM NaCl the scattering intensity of GBIC-
PAPEO14/P2MVPI228 stabilizes at 40 % of its initial value. Thus, GBICs are sensitive 
to salt concentration and partly disintegrate beyond 50 - 100 mM NaCl. 
Stability against proteins 
Polyelectrolytes are known to form complexes with proteins. Formation of such 
complexes and their solubility depend on several factors, such as sign and density of 
the charges on the protein and the polyelectrolyte, flexibility of the polyelectrolyte 
chain enabling closer contact between charged groups[17], concentrations of 
polyelectrolyte and protein in solution[18-20], ionic strength[21,22], and pH[23]. 
Complexation between a polyelectrolyte and a protein may even occur at the “wrong” 
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side of the isoelectric point, i.e., under conditions where the polyelectrolyte and the 
protein have the same sign for the overall charge. This phenomenon is related to 
charge regulation of the proteins[24] or to non-homogeneous distribution (“patches”) 
of positive and negative charges on the protein surface[25]. Formation of 
polyelectrolyte-protein complexes may have an influence on the functionality (i.e. 
suppression of protein adsorption) of the coatings created upon adsorption of GBICs 
on solid–liquid interfaces. Therefore, we studied the aggregation between β-lac and 
BSA, and the polyelectrolytes present in the GBICs at pH 7. During each experiment 
the polyelectrolyte solution was titrated into a fixed volume of the protein solution. 
Experimental results are shown in Figure 5a and 5b. 
 
  
Figure 5. DLS titrations of β-lac (a) and BSA (b) with the following polymers: ○:P2MVPI43, 
▼:P2MVPI228, ∆: P2MVPI41-b-PEO204, ●:PAA21-b-PAPEO14. The initial concentration of 
protein and the initial concentration of the polymer titrant were 100 mg/l. Titrations were 
carried out in 10 mM NaCl, pH 7±0.1. For P2MVPI43, P2MVPI228, and P2MVPI41-b-PEO204 f- 
on the abscissa is defined as [protein-]/([protein-]+[P2MVPI+]), and for PAA21-b-PAPEO14 f- 
is defined as [protein-]/([protein-]+[PAA-]). Ordinate: Intensity I [kHz, a.u.] divided by the total 
protein concentration c [g/l]. For calculations we assumed that under experimental conditions 
BSA has 13 negative charges per molecule[26] and β-lac has 13 negative charges per 
dimer[27]. 
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DLS titrations show that β-lac forms aggregates with the positively charged P2MVPI 
irrespective of their length (Figure 5a). Here f- is defined as 
[protein-]/([protein-]+[P2MVPI+]), and [protein-]/([protein-]+[PAA-]) for titrations of 
P2MVPI groups and PAA groups, respectively. With excess P2MVPI43 aggregates of 
β-lac remain stable whereas aggregates formed with P2MVPI228 disintegrate if an 
excess of homopolymer is added i.e., f- < 0.5. With the positively charged block 
copolymer (P2MVPI41-b-PEO204) reduced scattering intensity (I/c) is very low and 
formation of aggregates is prevented by stabilization due to the neutral PEO block. 
The negatively charged copolymer seems to have no interaction with β-lac. 
Aggregates are also formed between the long homopolymer, P2MVPI228, and BSA 
(Figure 5b). With an excess of homopolymer these aggregates remain stable 
between f- = 0.4 and 0.8. However, the scattering intensity is much lower for 
aggregates formed between BSA and the short homopolymer, P2MVPI43. This may 
be due to the low charge density on the protein surface[17-19]. Under the 
experimental conditions BSA was assumed to carry 13 negative charges per 
molecule[26] and β-lac 13 negative charges per dimer[27]. Considering the difference 
in size of both proteins it implies that BSA has a lower density of negative charges 
and may require a longer polycation to form aggregates. Contrary to β–lac, for BSA a 
substantial scattering intensity around f- = 0.5 is also found in mixtures with 
P2MVPI41-b-PEO204, and PAA21-b-PAPEO14, indicating formation of aggregates. 
Adsorption of grafted block copolymer and GBICs on silica and 
polystyrene 
Adsorption of GBICs on silica and polystyrene was studied with fixed angle optical 
reflectometry. Experimental results are presented in Figures 6a and 6b, respectively. 
The adsorbed amount of GBICs on silica and polystyrene is much higher than the 
adsorption of the single grafted block copolymer. The adsorption properties of the 
micelles with short and long homopolymer differ significantly. Initial adsorption is fast 
and then levels off to reach a relatively stable level within one or two hours. Upon 
rinsing with solvent, indicated by arrows in Figure 6, any reversibly adsorbed fraction 
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is removed. The adsorbed amount of GBICs with the long homopolymer is much 
lower than of GBICs with the short homopolymer. The reversibly adsorbed fraction of 
micelles is much smaller for GBIC-PAPEO14/P2MVPI228 (5-10%) on both silica and 
polystyrene. The adsorbed amounts of micelles with the long homopolymer on silica 
and polystyrene are almost equal. It is likely that for the long homopolymer GBICs 
adsorb primarily according to the mechanism proposed by van der Burgh et al.[4] and 
Voets et al.[10]. GBICs are expected to unfold upon adsorption in a way that the 
complex coacervate core adsorbs directly on the surface and the neutral corona 
forms a brush layer on top of the complex coacervate layer, and do not disintegrate 
during the adsorption process. Base on these assumptions the thickness of an 
unfolded GBIC layer is roughly half the diameter of a micelle, i.e. half of the thickness 
of micelles which do not unfold. Unfolding of GBICs on solid surfaces is, however, 
governed by a subtle balance between the stability of the micelles and the wetting 
properties of the surface, core, and corona[3]. The differences in the adsorbed 
amounts suggest that the micelles with the short homopolymer are more stable 
against unfolding than the micelles with the long homopolymer. It seems that on silica 
the micelles with the short homopolymer initially do not unfold, and unfold only partly 
after rinsing with solvent. Possibly, the difference in adsorbed amounts after rinsing 
with solvent can be attributed to an excess of the positive charges on GBICs with 
long homopolymer. However, the wetting properties of polystyrene seem to fully 
suppress unfolding of GBIC-PAPEO14/P2MVPI43 resulting in an adsorbed amount 
(after rinsing) being twice as high as for GBIC-PAPEO14/P2MVPI228. 
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Figure 6. Reversibility of the adsorption of PAA21-b-PAPEO14 coatings on silica (a) and PS 
(b). Arrows indicate the addition of the solvent. Concentrations of PAA21-b-PAPEO14 and 
GBICs in solutions were 100 mg/l. Experiments were carried out at 10 mM NaCl, pH 7±0.1. 
On each graph: 1: GBIC-PAPEO14/P2MVPI43 (f- = 0.50), 2: GBIC-PAPEO14/P2MVPI228 
(f- = 0.45), 3: PAA21-b-PAPEO14. 
PAA21-b-PAPEO14 is a bulky block copolymer. In addition to a charged PAA block, a 
neutral block with grafted PEO chains, it contains also a small hydrophobic end 
group (-S-CS-S-C12H25, see Figure 2) that originates from the initiator used to 
synthesize this polymer[14]. This hydrophobic “sticker’” influences the structure of the 
GBICs. The complex coacervate core and neutral corona may not be as well defined 
as in typical C3Ms containing only linear polyelectrolytes resulting in relatively big 
micellar sizes. As a consequence, also the stability of the GBICs in solution may be 
altered and the structure of the GBIC layer formed upon adsorption of the micelles at 
the solid-liquid interface may differ from the expected one[4,10]. Due to an additional 
aggregation mechanism, the adsorbed amounts of GBICs are higher than for regular 
C3Ms with linear PEO blocks discussed in Chapter 2 of this thesis[2]. The structure 
of the adsorbed GBIC layer determines the formation and the density and, therewith, 
the functionality of the polymer brush. 
As shown in Figure 7a, after rinsing with solvent, adsorption of GBICs on silica 
depends weakly on the salt concentration, if at all. On polystyrene (Figure 7b), the 
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adsorbed amounts of GBICs increase with increasing salt concentration except for 
GBIC-PAPEO14/P2MVPI43 at 100 mM. Decrease in the adsorbed amount of 
GBIC-PAPEO14/P2MVPI43 on polystyrene observed at 100 mM NaCl may be 
explained by the poor stability of these micelles in a solution of high ionic strength. 
The adsorbed amounts of GBIC-PAPEO14/P2MVPI43 on polystyrene at 100 mM NaCl 
are the same as on silica which suggests that complete surface coverage with 
unfolded GBICs was obtained. Below we show that at 100 mM NaCl complete 
suppression of protein adsorption is obtained on this coating. At lower salt 
concentrations the amounts of GBICs adsorbed on polystyrene are significantly 
higher than on silica. 
 
  
Figure 7. Adsorption of PAA21-b-PAPEO14, GBIC-PAPEO14/P2MVPI43 (f- = 0.5) and 
GBIC-PAPEO14/P2MVPI228 (f- = 0.45) coatings on silica (a) and PS (b) surfaces, at various 
concentrations of NaCl. Concentrations of the PAA21-b-PAPEO14 and GBICs in solutions 
were 100 mg/l, pH 7. Filled symbols: ▼: PAA21-b-PAPEO14, ■: GBIC-PAPEO14/P2MVPI43, ♦: 
GBIC-PAPEO14/P2MVPI228. Open symbols correspond to the adsorbed amount of single 
PAA21-b-PAPEO14 (proportional to the amount of PEO in the coating) for a coating o: □: 
GBIC-PAPEO14/P2MVPI43 and ◊: GBIC-PAPEO14/P2MVPI228. 
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Stability of the GBIC layers against an excess of protein 
In order to determine the protein resistance of the surfaces coated with GBICs we 
exposed them to solutions of β-lac, BSA, and Lsz. We observed that 
GBIC-PAPEO14/P2MVPI43 layer is partly removed from the surfaces by the β-lac 
(Figure 8). A similar effect was not observed for BSA or Lsz. We have shown that in 
solution β-lac forms complexes with P2MVPI at charge stoichiometric conditions. 
Complexes formed with the short homopolymer, P2MVPI43, remain stable in a 
solution to which an excess of homopolymer is added, whereas complexes with the 
long homopolymer, P2MVPI228, disintegrate. If the PEO brush layer does not fully 
cover the adsorbed complex coacervate layer one may anticipate that upon rinsing 
with β-lac, the adsorbed GBIC-PAPEO14/P2MVPI43 layer will be depleted due to 
interaction between the short homopolymer and β-lac. 
 
  
Figure 8. Reflectometry measurements showing an effect of β-lac on 
GBIC-PAPEO14/P2MVPI43 layer adsorbed on silica (a) and polystyrene (b). Experiments 
were carried out in 10 mM NaCl, pH 7±0.1. Symbols on graphs: GBICs: GBIC-
PAPEO14/P2MVPI43, S: Solvent. Concentrations of β-lac and GBIC-PAPEO14/P2MVPI43 
(f- = 0.5) were 100 mg/l. 
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Exposure of the surface coated with GBIC-PAPEO14/P2MVPI43 to a β-lac solution 
leads to a reduction of the total adsorbed mass (Figures 8a and 8b). This effect is 
much stronger on polystyrene than on silica, and depends on the salt concentration. 
An initial increase in the adsorbed amount upon addition of β-lac corresponds to an 
accumulation of the protein on the adsorbed GBIC layer. Immediately after this 
increase the adsorbed amount decreases to a level indicating partial removal of the 
GBIC layer from the surface. 
With the following simple experiment we confirmed that β-lac is most probably not 
replacing P2MVPI43 in the adsorbed layer but forms soluble aggregates with the 
homopolymer (see Figure 5). As is discussed below, an adsorbed layer of 
GBIC-PAPEO14/P2MVPI43 completely suppresses Lsz adsorption on coated 
surfaces. If β-lac was present in this layer one would expect an increase in Lsz 
adsorption due to the electrostatic attraction between the two proteins. During the 
experiment GBIC-PAPEO14/P2MVPI43 was exposed to β-lac and subsequently to Lsz 
solution. No significant adsorption of Lsz was observed. 
On both silica and polystyrene at 10 mM NaCl we observe a significant reduction of 
the adsorbed mass but at 1 and 100 mM NaCl such effects were absent. These 
observations may be related to the strength of interaction between the block 
copolymer and the homopolymer in the GBICs. At 1 mM NaCl electrostatic attraction 
between P2MVPI43 and PAA21-b-PAPEO14 is strong and the complex coacervate part 
of GBICs is more glass-like[28]. Micelles in a solution are stable, and form a stable 
layer upon adsorption at the surfaces. Thus, complexes of β-lac and P2MVPI43 are 
not formed. As the salt concentration increases attraction between the micellar 
components weakens. An adsorbed GBIC layer may be partly penetrated by small 
molecules, like β-lac. Soluble complexes of β-lac and P2MVPI43 are formed. At salt 
concentrations above 50 mM NaCl attraction between oppositely charged 
polyelectrolytes is weak and we observe that the GBICs partly disintegrate in 
solution. Under these conditions attraction between β-lac and the oppositely charged 
polyelectrolyte is weak as well and they are less likely to aggregate. A similar pattern 
was observed on silica. 
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The differences in the amount of mass removed by β-lac from silica and polystyrene 
may be related to the structure of the adsorbed layer and the size of the protein. 
Above we have argued that on silica GBICs unfold and the P2MVPI43 is in contact 
with the surface, whereas on polystyrene GBICs do not unfold and the short P2MVPI 
has no direct interaction with the solid surface, and it will be more susceptible to 
erosion due to complexation with β-lac by penetration through an imperfect brush 
layer. However, the protein may only partly penetrate the adsorbed layer due to its 
dimensions, which limits the erosion of the coating. 
In view of the results of the experiments in solution (Figure 5) it was expected that 
β-lac will not cause erosion of the adsorbed GBIC-PAPEO14/P2MVPI228 layer as it 
does not form stable soluble aggregates with P2MVPI228. This was confirmed by 
reflectometry (Figure 9). Upon addition of β-lac a sudden increase of the adsorbed 
mass is observed, followed by a stable plateau. β-lac adsorbs irreversibly on the 
GBIC-PAPEO14/P2MVPI228 layer, i.e. it cannot be removed from the surface by 
rinsing with solvent. 
 
 
Figure 9. Reflectometry experiment showing the effect of β-lac on a 
GBIC-PAPEO14/P2MVPI228 layer adsorbed on polystyrene. Experiments were carried out in 
10 mM NaCl, pH 7±0.1. Symbols on graphs: GBICs: GBIC-PAPEO14/P2MVPI228, S: Solvent. 
Concentrations of β-lac and GBIC-PAPEO14/P2MVPI228 (f- = 0.45) were 100 mg/l.
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Stability of the GBIC layer against an excess of block copolymer 
We have shown that β-lac, a relatively small, negatively charged protein may, under 
specific conditions, penetrate and partly remove the adsorbed 
GBIC-PAPEO14/P2MVPI43 layer from the surface. We observed that a similar 
phenomenon occurs upon exposure of this coating to the negatively charged block 
copolymer. An adsorbed GBIC-PAPEO14/P2MVPI43 layer is partly removed from the 
surface of silica and polystyrene upon rinsing with a single PAA21-b-PAPEO14 in 
solution. Experimental results are shown in Figures 10 and 11. As in case of β–lac, 
this effect was not observed for GBIC-PAPEO14/P2MVPI228. 
 
  
Figure 10. Reflectometry experiment showing an effect of PAA21-b-PAPEO14 on 
GBIC-PAPEO14/P2MVPI43 (f- = 0.5) layer adsorbed on silica. Symbols on graphs: GBICs: 
GBIC-PAPEO14/P2MVPI43, S: Solvent, B: PAA21-b-PAPEO14, H: P2MVPI43. Concentrations of 
polymers and GBIC-PAPEO14/P2MVPI43 were 100 mg/l. Experiments were carried out in 
10 mM NaCl, pH 7±0.1. 
The reduction of the adsorbed amount of GBIC-PAPEO14/P2MVPI43 upon rinsing with 
a PAA21-b-PAPEO14 solution could be explained by formation of SCPs consisting of 
P2MVPI43 and PAA21-b-PAPEO14. As shown in Figures 10a and 11a, it is not 
possible to restore the coating by simple re-adsorption of P2MVPI43 on the remaining 
layer. Subsequent exposure to PAA21-b-PAPEO14 did not result in increased 
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adsorbed mass, i.e., we did not observe the formation of polyelectrolyte multilayers. 
The coating can be restored only by re-adsorption of GBIC-PAPEO14/P2MVPI43 and 
removed again upon exposure to PAA21-b-PAPEO14 (Figures 10b and 11b). This 
indicates that the layer remaining on the surface is electrically neutral. 
The amount of the coating remaining on the surface depends on the properties of this 
surface. The negatively charged silica adsorbs positively charged P2MVPI43. To 
ensure electroneutrality, corresponding amount of negatively charged 
PAA21-b-PAPEO14 is bonded to this surface. Polystyrene has strong affinity to the 
hydrophobic tail of PAA21-b-PAPEO14, resulting in the accumulation of the negative 
charge on the surface. As on silica, to ensure electroneutrality, a corresponding 
amount of the positively charged P2MVPI43 is adsorbed on the surface. These results 
suggest that, under discussed conditions, the interactions between the GBICs 
components in the adsorbed layer are relatively weak. Upon rinsing with a 
PAA21-b-PAPEO14 solution, PAA21-b-PAPEO14 penetrates the adsorbed layer and 
removes its components. 
The exact structure of the GBIC-PAPEO14/P2MVPI43 layer remaining on the surface 
is unknown. Some information may be obtained upon its exposure to a protein 
solution. In the experiment shown in Figure 12 we compare the adsorption of Lsz on 
an “etched” GBIC-PAPEO14/P2MVPI43 layer with adsorption of Lsz on a 
PAA21-b-PAPEO14 coating. Adsorption of Lsz on the GBIC layer previously exposed 
to PAA21-b-PAPEO14 is much higher than on PAA21-b-PAPEO14 coating. Thus, the 
structure of the “etched” layer is disrupted, i.e. the brush layer structure is (partly) 
destroyed. These results also indicate that the structure of this layer is rather loose 
and may be easily penetrated by small molecules, like Lsz, that can interact with its 
components. 
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Figure 11. The effect of PAA21-b-PAPEO14 on GBIC-PAPEO14/P2MVPI43 layer adsorbed on 
polystyrene. Symbols on graphs: GBICs: GBIC-PAPEO14/P2MVPI43, S: Solvent, B: PAA21-b-
PAPEO14, H: P2MVPI43. Concentrations of polymers and GBIC-PAPEO14/P2MVPI43 (f- = 0.5) 
were 100 mg/l. Experiments were carried out in 10 mM NaCl, pH 7±0.1. 
  
Figure 12. Adsorption of Lsz on a GBIC-PAPEO14/P2MVPI43 (f- = 0.5) layer exposed to 
PAA21-b-PAPEO14 (a), and on a PAA21-b-PAPEO14 (b) layer adsorbed on silica. Symbols on 
graphs: GBICs: GBIC-PAPEO14/P2MVPI43, S: Solvent, B: PAA21-b-PAPEO14. Concentration 
of Lsz, polymers, and GBIC-PAPEO14/P2MVPI43 were 100 mg/l. Experiments were carried 
out at 10 mM NaCl, pH 7±0.1. 
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Effect of GBICs coatings on protein adsorption 
Reduction of protein adsorption by grafted block copolymer and GBICs adsorbed on 
silica and polystyrene was determined with fixed angle optical reflectometry. 
Reduction factor (%) is defined with respect to the adsorption Γ0 of the proteins on 
the native silica and polystyrene surfaces: Reduction = (1-Г/Г0)×100%. Experimental 
results are presented in Figures 13a and 13b, respectively, and are in a good 
agreement with reported values determined under similar conditions[3, 29, 30]. In 
1 mM NaCl adsorption of Lsz and BSA on silica, and Lsz on polystyrene is 
significantly higher than at 10 and 100 mM NaCl. At higher salt concentrations 
protein adsorption is almost invariant with salt concentration except for Lsz. 
Adsorption of Lsz on polystyrene at 100 mM NaCl is higher than at lower salt 
concentrations. The adsorption of proteins on hydrophobic and hydrophilic surfaces 
at different salt concentrations is the result of a balance between electrostatic and 
non-electrostatic forces. It is influenced by screening of charges, size of proteins, 
wetting behaviour, and heterogeneity of the surface. 
 
  
Figure 13. Adsorption of proteins on native silica (a) and polystyrene (b) surfaces. 
Concentrations of proteins in solutions were 100 mg/l, pH 7±0.1. Lines were added to guide 
the eye. 
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In Figures 14 and 15 we present experimentally determined reduction factors for 
protein adsorption on surfaces coated with GBIC-PAPEO14/P2MVPI228 and 
GBIC-PAPEO14/P2MVPI43, respectively. 
From the results in Figures 14 and 15 it follows that the properties of the coating with 
the long homopolymer, P2MVPI228, are very different from the properties of the 
coating with the short homopolymer, P2MVPI43. On a GBIC-PAPEO14/P2MVPI228 
layer the adsorption of the negatively charged proteins, β-lac and BSA, is enhanced 
by the coating (negative values of the reduction factor) instead of being suppressed, 
at salt concentrations beyond 10 mM NaCl. Adsorption of positively charged Lsz is 
strongly suppressed. The grafted block GBIC-PAPEO14/P2MVPI228 micelles are 
stable in solution at salt concentrations below 100 mM NaCl, and adsorb irreversibly 
on silica and polystyrene. The results suggest that these micelles do not have a well 
defined core-corona structure, and that upon their adsorption on the surfaces they do 
not form a well-developed brush but, rather, the positively charged polyelectrolyte is 
exposed to the solution. This was confirmed by zeta potential measurements (see 
Figure 4b). This effect is much more pronounced on hydrophobic polystyrene than on 
hydrophilic silica. 
An excellent reduction of protein adsorption on silica and polystyrene coated with 
micelles containing the short homopolymer, GBIC-PAPEO14/P2MVPI43, is obtained 
both for β-lac and Lsz. At 1 and 10 mM NaCl adsorption of the negatively charged 
BSA is only weakly repelled from the surface. At 100 mM NaCl adsorption of all 
proteins on both surfaces was suppressed by more than 90%. These observations 
suggest that the coating does not completely screen the interactions between surface 
and proteins at low salt concentrations and BSA can still adapt to the surface. As 
discussed above these phenomena are independent of the nature of the native 
surface. We observed that at salt concentrations above 50 mM NaCl 
GBIC-PAPEO14/P2MVPI43 partly disintegrates in solution. Results presented in 
Figure 15 confirm that at 100 mM NaCl a fully functional brush layer is formed upon 
their adsorption on silica and polystyrene. 
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Figure 14. Reduction of protein adsorption by GBIC-PAPEO14/P2MVPI228 (f- = 0.45) layer on 
silica (a) and polystyrene (b). Concentrations of proteins and GBICs were 100 mg/l, pH 
7±0.1. Lines were added to guide the eye. The negative reduction factor in figure b means 
higher protein adsorption on the coated surfaces than on the native surfaces. 
  
Figure 15. Reduction of protein adsorption by GBIC-PAPEO14/P2MVPI43 (f- = 0.5) layer on 
silica (a) and polystyrene (b). Concentrations of proteins GBICs were 100 mg/l, pH 7±0.1. 
Lines were added to guide the eye. Due to the effect of β-lac on this coating it is not possible 
to quantitatively determine the reduction factor for its adsorption at 10 mM NaCl. 
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Coatings consisting of PAA21-b-PAPEO14 only show limited resistance towards 
protein adsorption. This may be related to insufficient surface coverage by the block 
copolymer and, as a consequence, too a low density of PEO chains. As mentioned 
before (see Figure 7), adsorption of GBICs results in higher amounts of adsorbed 
PAA21-b-PAPEO21 than adsorption of single PAA21-b-PAPEO14, and thus in a higher 
density of the PEO chains on the surface. Higher density of PEO chains is expected 
to result in more effective suppression of protein adsorption. However, results 
presented for GBIC-PAPEO14/P2MVPI228 are not in agreement with this expectation. 
Our results show that the structure of the adsorbed GBIC layer is influenced by the 
length of the polyelectrolyte blocks, and does not allow for the exposure of all PEO 
chains to the solution. 
Conclusions 
Grafted Block Ionomer Complexes are formed upon mixing PAA21-b-PAPEO14 with 
P2MVPI at stoichiometric charge ratios. Their stability in solution strongly depends on 
the block length of the homopolymer and the salt concentration. At pH 7 GBICs 
containing the short homopolymer, P2MVPI43, partly disintegrate in solution at salt 
concentrations above 50 mM NaCl. The micelles with the long homopolymer, 
P2MVPI228, partly disintegrate at salt concentrations above 100 mM NaCl. Upon 
adsorption at a solid-liquid interface GBICs form a layer that suppresses adsorption 
of proteins. The effectiveness of this coating depends on the charge of the 
aggregates, the length of the homopolymer block, and the salt concentration. The 
adsorption of grafted block GBICs results in a higher density of neutral PEO chains 
on the surface than the adsorption of the single grafted block copolymer, 
PAA21-b-PAPEO14. At 100 mM NaCl the GBIC-PAPEO14/P2MVPI43 layer reduces 
protein adsorption on silica and polystyrene by more than 90%. However, the 
GBIC-PAPEO14/P2MVPI228 layer enhances the adsorption of the negatively charged 
proteins at salt concentrations above 1 mM NaCl. It suggests that adsorbed 
GBIC-PAPEO14/P2MVPI228 do not form a well structured bilayer with a complex 
coacervate layer attached to the surface and a PEO brush layer exposed towards the 
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solution, but that the positively charged blocks are also penetrating the brush layer. 
These findings were confirmed by zeta potential measurements which show an 
excess of positive charge on GBIC-PAPEO14/P2MVPI228 while 
GBIC-PAPEO14/P2MVPI43 were found to be nearly neutral. The 
GBIC-PAPEO14/P2MVPI43 layer may be partly destroyed upon exposure to β-lac and 
to PAA21-b-PAPEO14. At 10 mM NaCl these molecules form soluble aggregates with 
the polyelectrolytes extracted from the adsorbed GBIC layer. This results in a 
significant decrease in the adsorbed mass on the surface. 
A well developed PEO brush layer is not only required to effectively reduce protein 
adsorption but is also crucial to protect the complex coacervate layer from being 
solubilized by supplying an excess of block copolymer or protein. 
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Appendix 1: Estimation of dn/dc of an adsorbed GBIC layer 
The dn/dc value of an adsorbed GBIC layer follows from its value in solution minus a 
correction for the expelled salt upon neutralization of the oppositely charged chains. 
We assume that all salt is expelled. The experimental value of dn/dc of GBICs in 
solution can be derived from the dn/dc values of the charged homopolymer (HP) and 
the oppositely charged diblock copolymer (DB). It is important to note that dn/dc 
values are determined in cm3/g, but that the additivity is on a molar basis. 
If the components of a GBIC layer are homogeneously distributed in a volume 
element of that layer, the contributions of refractive indices of the different 
components will be additive and one can write: 
solventsaltDBHPlayer nnnnn +Δ−Δ+Δ=        Eq. 3 
Taking the derivate with respect to the molar concentration of the building block (bb) 
bbC  one gets: 
bb
salt
bb
DB
bb
HP
bb
layer
dC
dn
dC
dn
dC
dn
dC
dn
−+=         Eq. 4 
where C is expressed in mol/l. 
A building block is defined as the sum of the diblock copolymer, without 
corresponding counter ions, and the amount of homopolymer, also without 
counterions, corresponding to the number of charges in the diblock copolymer. The 
experimental value for the dn/dC of GBICs follows from those of the homopolymer 
and the diblock copolymer by 
bb
DB
bb
HP
bb
DBHP
bb
MC
dC
dn
dC
dn
dC
dndn
dC
dn
+=
+
=
3        Eq. 5 
The conversion of dn/dC (in cm3/mol) to dn/dc (in cm3/g) follows from: 
)/( '3 DPHPMCbbbbbb MMcMcC +==  Eq. 6a 
( ) ( )DBHPDBHPMCbb MMccCC ++== '3  Eq. 6b 
''
HPHPHPbb McCC ==  Eq. 6c 
DBDBDBbb McCC ==  Eq. 6d 
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saltsaltsaltbb McCXC ==×  Eq. 6e 
The HP marked with apostrophe corresponds to the homopolymer present in the 
building block, i.e. homopolymer without the counterions. Combining equations 6a-e 
with equations 4 and 5 results in relations for the additivity check of the dn/dc of the 
GBICs in solution (Eq. 7) and for the salt correction for the dn/dc of the surface layer 
(Eq. 8). In Eq. 8 the symbol “X” corresponds to the number of charges of the diblock 
copolymer. 
)()( 'exp,
'
'
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DBDPHP
HP
HPMC MM
M
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MM
M
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
+
+
×
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
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
   Eq. 7 
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   Eq. 8 
Similarly, one can calculate dn/dc of homo and block copolymers on the surface: 
polymer
salt
saltpolymer
polymer
polymerlayerpolymer M
MX
dc
dn
M
M
dc
dn
dc
dn ×
×


−×


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

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   Eq. 9 
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 Chapter 5 
Grafted Ionomer Complexes and their effect on protein adsorption 
on silica and polysulfone surfaces 
Abstract 
We have studied the formation and the stability of Ionomer Complexes from grafted 
copolymers (GICs) in solution, and the influence of GIC coatings on the adsorption of 
the proteins β-lactoglobulin, bovine serum albumin, and lysozyme on silica and 
polysulfone. The GICs consist of the grafted copolymer PAA28-co-PAPEO22 
(poly(acrylic acid)-co-poly(acrylate methoxy poly(ethylene oxide))) with negatively 
charged AA and neutral APEO groups, and the positively charged homopolymers: 
P2MVPI43 (poly(N-methyl 2-vinyl pyridinium iodide) and PAH·HCl160 poly(allylamine 
hydrochloride). In solution these aggregates are characterized by means of Dynamic 
and Static Light Scattering. They appear to be assemblies with hydrodynamic radii of 
8 nm (GIC-PAPEO22/P2MVPI43) and 22 nm (GIC-PAPEO22/PAH160), respectively. 
The GICs partly disintegrate in solution at salt concentrations above 10 mM NaCl. 
Adsorption of GICs and proteins has been studied with fixed angle optical 
reflectometry at salt concentrations ranging from 1 to 50 mM NaCl. Adsorption of 
GICs results in a high density of PEO side chains. Higher densities were obtained for 
GICs consisting of PAH·HCl160 (1.6÷1.9 chains/nm2) than of P2MVPI43 (0.6÷1.5 
chains/nm2). Both GIC coatings strongly suppress adsorption of all proteins on silica 
(>90%). However, reduction of protein adsorption on polysulfone depends on the 
composition of the coating and the type of protein. We observed a moderate 
reduction of β-lactoglobulin and lysozyme adsorption (>60%). Adsorption of bovine 
serum albumin on the GIC-PAPEO22/P2MVPI43 coating is moderately reduced, but 
on the GIC-PAPEO22/PAH160 coating it is enhanced. 
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Introduction 
In order to effectively suppress protein adsorption on surfaces (primary adsorption)[1] 
by a polymer brush coating, the brush should be sufficiently dense to prevent 
penetration by protein molecules. Relatively high brush densities can be obtained by 
time-consuming and laborious methods, i.e. chemical grafting of polymer chains to 
the surfaces (“grafting to” and “grafting from” methods), or by adsorption of grafted 
block copolymers (also called comb copolymers)[2-4] instead of linear polymers. 
Using such polymers, the density of the neutral, brush forming chains is partly pre-
determined by the density of their chemical grafting to the backbone. However, 
simple adsorption of such chains on a solid-liquid interface may result in low surface 
coverage, due to the steric repulsion from earlier adsorbed chains, and hence in low 
overall brush density. Grafted copolymers have been shown to be effective in 
suppressing protein adsorption on various surfaces[2,5]. An effective surface 
modification with comb copolymers can be obtained in two ways: the grafted 
copolymers can be adsorbed at solid-liquid interfaces[2] or mixed into a casting melt, 
e.g. during the production of the anti-fouling membranes[6,7]. Comb copolymers 
used as additives to the casting melt consist of hydrophilic and hydrophobic blocks. 
During the membrane preparation (precipitation in a water-based coagulation bath) 
hydrophilic blocks segregate and position themselves in the membrane-liquid 
interface[6,7]. The degree of reduction of protein adsorption depends on the structure 
of the grafted copolymers, i.e. the grafting density[1], the length of the grafted 
chains[8], the size of the protein molecules, ionic strength, and surface charge[9]. 
In previous papers[10-13] we reported on the formation of brush layers by adsorption 
of reversible, self-assembled micellar structures known as “Complex Coacervate 
Core Micelles” (C3Ms)[14], also called “Block Ionomer Complexes”[15] or “Polyion 
Complex Micelles”[16]. C3Ms are formed upon mixing oppositely charged 
polyelectrolytes, of which at least one contains a neutral soluble block. Due to 
electrostatic attraction the oppositely charged blocks form the complex coacervate 
core which is stabilized by the neutral corona blocks[13,14,17]. Upon addition of 
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homopolymers to oppositely charged diblock copolymers charged, loose structures 
with low aggregation numbers, so-called Soluble Complex Particles (SCPs), are 
initially formed. At a critical composition neutral C3Ms are formed and the number of 
SCPs decreases to zero at the Preferred Micellar Composition (PMC). The negative 
charge composition (mixing ratio) of C3Ms may be defined by the ratio (f-) of the 
negatively chargeable groups and the sum of the negatively and positively 
chargeable groups. A mechanism of the adsorption of C3Ms on solid-liquid interfaces 
has been proposed by van der Burgh et al.[13] and Voets et al.[18]. According to this 
model, upon adsorption at the interface C3Ms unfold in such a way that their corona 
forms a brush on top of a complex coacervate layer attached directly to the solid 
surface (Figure 1A). The effect of a C3M coating on protein adsorption strongly 
depends on its composition, the surface properties, and the salt concentration[10]. 
The densities of the brushes thus formed by the C3M systems consisting of linear 
polyelectrolytes were found to be rather low and often insufficient to fully suppress 
adsorption of proteins[10]. In the present study we focus on further improvement of 
the density of the C3M brush. Here, we combine the high density of the neutral 
chains in grafted copolymers with the formation of C3Ms (Figure 1C). We anticipate 
the obtained brush density is higher as compared to the adsorption of the grafted 
copolymer alone (Figure 1B). This approach may allow for a better reduction of 
protein adsorption, independent of the properties of the native surfaces. 
 
Figure 1. Schematic representation of polymer brushes formed upon adsorption of A: C3Ms 
consisting of a linear block copolymer and a linear polyelectrolyte, B: a grafted copolymer, C: 
GICs consisting of a grafted copolymer and a linear polyelectrolyte. 
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As indicated in Chapter 4 of this thesis, formation of micelles with grafted copolymers 
has severe consequences for the resulting structure of the aggregate, i.e. there may 
not be a distinguished core-corona structure, characteristic for C3Ms. More likely, 
attraction between individual oppositely charged chains will dominate resulting in low 
aggregation numbers. To distinguish these aggregates from regular C3Ms we 
introduce the term “Grafted Ionomer Complexes” (GICs). 
The aim of this work is to investigate the formation and stability of grafted GICs in 
solution, their adsorption on silica and polysulfone, and the effect of the adsorbed 
GIC layer on protein adsorption. 
Homopolymers used in this study are poly(allylamine hydrochloride) and 
poly(N-methyl 2-vinyl pyridinium iodide). These polyelectrolytes differ in length (160 
and 43 monomers, respectively), and properties. Poly(allylamine hydrochloride) was 
extensively studied for its ability to form stable polyelectrolyte multilayers[19-21], also 
at low salt concentrations, which are considered for many applications, e.g. to 
enhance the tensile strength of paper[22], encapsulation[23], drug delivery[24], or 
corrosion protection[25]. The derivatives of poly(vinyl pyridine) are applied in, e.g. 
catalysis[26-28], removal of heavy metals[29-32] and organic pollutants[33-35], water 
purification and disinfection[33,36-38], or production of materials with antibacterial 
properties[39-42]. 
A silica surface was chosen as a well defined, model hydrophilic surface. Polysulfone 
was selected to mimic a polymeric material frequently used in production of 
membranes for water purification. The repeating unit of polysulfone is shown in 
Figure 2. 
 
 
Figure 2. Polysulfone repeating unit. 
Polysulfone is a hydrophobic, transparent, rigid, and high-strength thermoplastic 
material. It is resistant to salt, acids, and bases (pH 2 to 13), as well as to surfactants 
and hydrocarbon oils[43]. 
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Materials and methods 
Chemicals 
Poly(2-vinyl pyridine) (P2VP43, Mn=4.15 kg/mol, PDI=1.09) was purchased from 
Polymer Source. The synthesis of poly(acrylic acid)-co-poly(acrylate methoxy 
poly(ethylene oxide)) (PAA28-co-PAPEO22, Mn=8.86 kg/mol, PDI=1.4, Mgrafts=450 
g/mol, corresponding to 8-9 EO monomers) has been described elsewhere[44]. The 
schematic representation of this molecule is shown in Figure 3. Iodomethane (99%) 
and poly(allylamine hydrochloride) (PAH·HCl160, Mn=15 kg/mol, polymer content 
≥95%) were purchased from Sigma. A high molecular weight polysulfone (UDEL 
P3500 Resin) was a kind gift from AMOCO. Lysozyme (Lsz) from chicken egg white 
(L6876-5G), β-lactoglobulin (β-lac) from bovine milk, approx. 90% (L0130-5G), and 
bovine serum albumin (BSA), minimum 98% (A7030-10G) were purchased from 
Sigma. Selected properties of these proteins are summarized in Chapter 2 of this 
thesis (Table 1). Sodium chloride (NaCl), sodium hydroxide (NaOH, 1M), and 
hydrochloric acid (HCl, 1M) were purchased from Sigma. All chemicals were used as 
received. Silicon wafers (Boron doped, orientation 100, and resistivity 7–15 Ω cm-1) 
were purchased from WaferNet, Inc., USA. 
 
 
Figure 3. A schematic representation of PAA28-co-PAPEO22 molecule. Subscripts denote 
numbers of repeating blocks: acrylic acid (AA): x × m = 28, and acrylate methoxy 
poly(ethylene oxide) (APEO): x × n = 22. 
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Quaternization of P2VP 
Poly(2-vinyl pyridine) (P2VP43) was quaternized according to the procedure 
described in Chapter 4 of this thesis. The degree of quaternization was determined 
from the maximum in a Dynamic Light Scattering titration of a freshly quaternized 
batch of P2MVPI43 with a well-defined, oppositely charged copolymer, and verified by 
comparison with a titration performed with a P2MVPI43 batch of known degree of 
quaternization[45]. The degree of quaternization of the new batch was determined to 
be approximately 89%. 
Characterization of grafted GICs in solution 
Stock solutions of PAA28-co-PAPEO22, P2MVPI43, and PAH·HCl160 in MilliQ water 
were prepared. Prior to the measurements, solutions of the required polymer and salt 
concentrations were prepared from stock solutions. The pH was adjusted to 7±0.1 
with 1 and 0.1 M NaOH and HCl, when necessary. 
Zeta potential measurements 
Zeta potentials of GICs were measured with a Nanosizer (Nano ZS, Malvern 
Instruments) in order to determine the zero charge composition, i.e. the composition 
at which the formed particles are electrically neutral. Samples at different mixing 
ratios (f-) of PAA28-co-PAPEO22 and P2MVPI43, and PAA28-co-PAPEO22 and 
PAH·HCl160 were prepared in 1 mM NaCl solution. The total polymer concentrations 
were approximately 1 g/l. Samples were measured approximately 12 hours after 
mixing to ensure equilibrium. 
Dynamic Light scattering 
Dynamic Light Scattering (DLS) measurements were performed with an ALV light 
scattering instrument equipped with an ALV_500 digital correlator and a 300 mW 
argon ion laser (532 nm), at 20±0.5˚C. Titrations were performed with a Schott 
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Titronic T200 burette with a TA05 exchange unit. The temperature was controlled 
with a thermostatic bath (Haake Phoenix II – C30P). Decalin was used as a refractive 
index matching medium. The titrations were performed at 90˚ detection angle in order 
to determine the Preferred Micellar Composition (PMC), as well as the stability of the 
micelles against increasing salt concentration. To determine the PMC the 
PAA28-co-PAPEO22 solution was titrated with a P2MVPI43 or a PAH·HCl160 solution. 
The concentration of PAA28-co-PAPEO22 varied from 0.1 to 1.3 g/l, the concentration 
of P2MVPI43 varied from 1 to 5 g/l, and the concentration of PAH·HCl160 varied from 
0.6 to 2.5 g/l. All polymer solutions were prepared in 1 mM NaCl. To evaluate the 
stability of GICs against salt 2 M NaCl solution, pH 7, was titrated into GICs 
solutions. 
Preparation of protein solutions 
Protein solutions were prepared prior to each experiment at the required NaCl 
concentration using MilliQ water. The pH was adjusted to 7±0.1 with 1 and 0.1 M 
NaOH or HCl. 
Preparation of the surfaces 
Preparation of silica and polysulfone surfaces were prepared according to the 
methods described in Chapters 2 and 3 of this thesis 
Reflectometry 
The adsorbed amounts were determined with a fixed angle optical reflectometer[46]. 
Changes in the signal (ΔS) measured can be related to the adsorbed amount, Γ 
(mg/m2), according to: 
0S
ΔS
fQΓ ×=            Eq. 1 
where Qf is the sensitivity factor (mg/m2), S0 is the initial (baseline) signal, and 
ΔS=S - S0 is a change in the signal upon adsorption on the surface. For each 
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measurement Qf was calculated with “Prof. Huygens” 1.2b (Dullware Software), using 
the refractive index increments dn/dc of the adsorbates as determined in separate 
measurements, and the thickness of the optical spacer (the substrate layer). 
An example of the output of a typical reflectometry experiment is shown in Figure 4. 
At the beginning of the experiment a surface placed in the reflectometer cell is rinsed 
with solvent to establish the baseline signal, S0. Once the baseline is established the 
experiment starts. The sample solution is introduced into the cell (A). Adsorption of 
the solute is monitored until a plateau is reached (B), followed by rinsing with solvent, 
and introduction of the next sample (C), and rinsing (D) until again a constant signal 
is obtained (E). All reported values were calculated based on amounts that remained 
adsorbed on the surface after rinsing with solvent, unless mentioned otherwise. Each 
measurement including protein adsorption was repeated at least three times and 
averaged values are reported. 
 
 
Figure 4. Example of a typical reflectometry experiment. Adsorption of β-lac on polysulfone 
coated with GIC-PAPEO22/PAH160. Symbols: A – introduction of the GICs solution, B – 
rinsing with solvent, C – introduction of a β-lac solution, D – rinsing with solvent, E – final 
plateau. The experiments were carried out in 1 mM NaCl, pH 7±0.1. Concentrations of GICs 
and β-lac were 100 mg/l. Remark: once a stable initial signal is reached, the baseline is 
recorded for only 2-5 minutes from the beginning of the experiment. 
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Determination of the refractive index increment (dn/dc) 
Table 1. Values of dn/dc (in cm3/g) used for calculations. “buffer” stands for 50 mM 
phosphate buffer, “salt” stands for 10 mM NaCl. 
Compound Solvent dn/dc 
Proteins: 
Lsz[10] 
β-lac[10] 
BSA[10] 
Polymers: 
PAA28-co- PAPEO22 
PAH·HCl160 
P2MVPI43 
GICs: 
GIC-PAPEO22/P2MVPI43 
GIC-PAPEO22/PAH160 
 
buffer 
buffer 
buffer 
 
salt 
salt 
salt 
 
salt 
salt 
 
0.250 
0.196 
0.204 
 
0.156 
0.170 
0.204 
 
0.167 
0.129
 
Refractive index increments (dn/dc) of the polymers were determined with a 
differential refractive index detector (Shodex RI-71, Separations). Prior to the 
measurements the instrument was calibrated with NaCl. GICs and polymer solutions 
were prepared and measured in 10 mM NaCl. Calibration and dn/dc values were 
determined based on at least 5 different concentrations of each sample. The values 
of dn/dc measured for PAA28-co-PAPEO22, and GICs corrected for the expelled salt 
according to the method described in Chapter 4 of this thesis[5], and the values 
measured for polyelectrolytes and proteins[10] used in further calculations are listed 
in Table 1. 
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Results and discussion 
Formation and characterization of grafted GICs in solution 
Formation of micellar particles by mixing a grafted copolymer with an oppositely 
charged polyelectrolyte has been studied by DLS titrations as a function of the mixing 
ratio f-. The PMC, i.e., the mixing ratio at which the polymeric micelles (GICs) are 
formed[47] can be determined from the maximum scattering intensity. Experimental 
results of the scattering intensity for mixtures of PAA28-co-PAPEO22, and P2MVPI43 
or PAH·HCl160 are shown as a function of the mixing ratio f- in Figure 5a and 5b, 
respectively. The mixing ratio f- is defined as the fraction of the negatively chargeable 
groups in GICs assuming that 89% monomers in P2VP43 and all monomers in 
PAH·HCl160 are charged: 
])[]([
][
++−
−
=−f
           
Eq. 2 
[-] and [+] are the number of moles of negatively and positively chargeable groups, 
respectively. 
For linear polymers C3Ms are formed upon mixing the oppositely charged 
polyelectrolytes at stoichiometric charge ratio. During this process the relatively long 
neutral chains form a corona that prevents the complex coacervate core to grow to 
macroscopic dimensions[47]. At f- = 0.5 one expects electrically neutral C3Ms 
particles. For grafted copolymers the mechanism of micelles formation is expected to 
be different. The PAA28-co-PAPEO22 copolymer consists of a chain of alternating 
negatively charged acrylic acid groups and short PEO grafts with a length of 8-9 
ethylene oxide units. Thus, it is likely that the structure of the polymeric micelles 
differs from the classical spherical core-shell structures for C3Ms composed of linear 
polymers. It is likely that, due to the limited flexibility, the grafted chain forms 
aggregates whose structure limits bending of the grafted polymer chains. One of the 
possible structures is a linear aggregate. 
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Figure 5. Formation of GICs in bulk as determined with DLS titrations and zeta potential 
measurements. Left Y axis: zeta potential, right Y axis: scattering intensity [kHz] divided by 
the total polymer concentration, c [g/l]. Symbols: ○ DLS titration curves of PAA28-co-PAPEO22 
with P2MVPI43 (a) and PAH·HCl160 (b) in 1 mM NaCl, pH 7, ● zeta potentials of 
GIC-PAPEO22/P2MVPI43 (a) and GIC-PAPEO22/PAH160 (b) measured at various mixing ratios 
(f-) in 1 mM NaCl, pH 7. Lines were added to guide the eye. Instruments settings for DLS 
titrations, namely the aperture of the detector (pinhole), were different for titration with 
P2MVPI43 and PAH·HCl160. For titration with P2MVPI43 the aperture was 200 μm and for 
titration with PAH·HCl160 the aperture was 400 μm. The pinhole size was increased to 
improve the signal measured for weakly scattering PAA28-co-PAPEO22 + PAH·HCl160 
complexes. 
The maxima of the measured scattering intensities are not very well-defined, in 
particular for GIC-PAPEO22/PAH160, suggesting a slow aggregation process and a 
relatively small amount of the formed complexes. The hydrodynamic radii (Rh) of 
GIC-PAPEO22/P2MVPI43 and GIC-PAPEO22/PAH160, as determined with DLS 
titrations, are approximately 8 and 22 nm, respectively. The radius of GICs with the 
short P2MVPI homopolymer is exceptionally small. It excludes a mechanism with the 
formation of a complex coacervate core and a neutral corona which would result in a 
size of the aggregates independent of the length of the homopolymer. It is more likely 
that the difference in size is directly related to the length of the homopolymers. A 
possible explanation is that one homopolymer molecule assembles with the grafted 
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copolymer in stoichiometric amounts. The difference in persistence length is then the 
origin of a size ratio of about 3 instead of 4. In order to unravel the formation and 
structure of these assemblies, additional measurements were carried out. These are 
presented and discussed in Chapter 6 of this thesis. 
The relative scattering intensity of GIC-PAPEO22/PAH160 is approximately 75% lower 
than that of GIC-PAPEO22/P2MVPI43 suggesting that, despite the same total polymer 
concentrations, PAA28-co-PAPEO22 forms a lower number of micelles with 
PAH·HCl160 than with P2MVPI43. In order to observe the formation of the 
GIC-PAPEO22/PAH160 the aperture of the detector had to be increased twice to 
strengthen the weak scattering signal. As a result the (unnormalized) intensity plotted 
for GIC-PAPEO22/PAH160 in Figure 5 appears to be much higher than the intensity 
plotted for GIC-PAPEO22/P2MVPI43. 
Determination of the zeta potentials for different mixing ratios (f-) reveals that in 
solution GIC-PAPEO22/PAH160 are electrically neutral at f- = 0.46. The isoelectric 
point corresponds to the maximum in the scattering intensity (PMC). However, for 
assemblies with the short homopolymer, GIC-PAPEO22/P2MVPI43, the maximum 
scattering intensity corresponds to a composition at which particles carry an excess 
of negative charge. In this case the broad maximum corresponds to about f- = 0.45, 
but the isoelectric point is found at a specific ratio, i.e. f- = 0.37. A possible 
explanation for the observed deviation of the isoelectric point from the maximum of 
scattering intensity for GIC-PAPEO22/P2MVPI43 system may be the small size of the 
aggregates as a consequence of the short length of the homopolymer that does not 
allow accommodating all charged blocks on the single homopolyelectrolyte and to the 
stiffness of the polymer chains with bulky side groups, which does not allow for full 
contact between oppositely charged groups. As a result, the maximum scattering 
intensity corresponding to the highest number of assemblies is obtained if the grafted 
copolymer in the aggregate is in excess. 
As for the measurements of the coated surfaces electroneutrality of the coating is 
preferred, in this study we have chosen to use GICs formed at a f- corresponding to 
the zero charge composition determined with zeta potential measurements, i.e. 
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f- = 0.37 and f- = 0.45 for GIC-PAPEO22/P2MVPI43 and GIC-PAPEO22/PAH160, 
respectively. 
Stability against salt 
The stability of the GICs in solution depends on the strength of the electrostatic 
attraction between the oppositely charged polyelectrolytes, and, hence, is influenced 
by the salt concentration[14]. Experimental results of titrations of 
GIC-PAPEO22/P2MVPI43 and GIC-PAPEO22/PAH160 with 2 M NaCl, at pH 7, are 
shown in Figures 6a and 6b, respectively. 
 
  
Figure 6. Effect of salt on the stability of GIC-PAPEO22/P2MVPI43 (a) and 
GIC-PAPEO22/PAH160 (b) as determined with DLS titrations. Left Y axis: Scattering intensity 
(I [kHz]) divided by the total polymer concentration (c [g/l]), right Y axis: hydrodynamic radii. 
Symbols: ○ Rh [nm], ● I/c [kHz/(g/l)]. Experiments were carried out at pH 7. For both titrations 
the aperture was 200 μm, and therefore for titration with PAH·HCl160 the initial scattering 
intensity at the iep appears to be much lower than in Figure 5. 
As the salt concentration increases from 0.01 to 0.2 M NaCl the scattering intensity of 
GIC-PAPEO22/P2MVPI43 in solution decreases steeply and stabilizes at 
approximately 30% of the value at 1 mM NaCl. The hydrodynamic radius (Rh) 
remains stable up to approximately 0.08 M NaCl and increases at higher salt 
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concentrations indicating swelling and partial disintegration of GICs. Under the same 
conditions the scattering intensity of GIC-PAPEO22/PAH160 in solution decreases 
slowly and the Rh remains relatively stable up to 0.6 M NaCl. It increases at higher 
salt concentrations. Thus, GICs are sensitive to salt concentration and start to 
disintegrate already above 0.01 M NaCl. 
 
  
Figure 7. Reversibility of the adsorption of GIC coatings on silica (a) and polysulfone (b). 
Arrows indicate the addition of the solvent. Concentrations of GICs in solutions were 100 
mg/l. Experiments were carried out at 10 mM NaCl, pH 7±0.1. On each graph: 
1: GIC-PAPEO22/PAH160, 2: GIC-PAPEO22/P2MVPI43. 
Adsorption of GICs on silica and polysulfone 
Adsorption of GICs on silica and polysulfone was studied with fixed angle optical 
reflectometry. Experimental results are presented in Figures 7a and 7b. 
The initial adsorption of GICs with P2MVPI43 and PAH·HCl160 shows many 
similarities. However, at a later stage the differences between the two systems are 
more pronounced. For both systems the initial adsorption is fast and then levels off to 
reach a relatively stable value within 10 minutes, with the exception of adsorption of 
GIC-PAPEO22/PAH160 on polysulfone which reaches a stable value after 
approximately 1 hour. The adsorbed amount of the GICs is higher on polysulfone 
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than on silica. Upon rinsing with solvent, which is indicated by arrows in Figures 7a 
and 7b, any reversibly adsorbed fraction is removed. The adsorbed amount of 
GIC-PAPEO22/PAH160 is higher than GIC-PAPEO22/P2MVPI43, and its adsorption on 
silica and polysulfone is practically irreversible. The reversibly adsorbed fraction of 
GIC-PAPEO22/P2MVPI43 is approximately 23% and 25% on both silica and 
polysulfone, respectively. We have observed similar trends for micelles consisting of 
a grafted block copolymer[5] of a length comparable to that of the grafted copolymer 
discussed here. For both, grafted copolymers and grafted block copolymers, a higher 
fraction of loosely attached aggregates was observed for aggregates containing 
oppositely charged blocks of which the lengths are of the same order of magnitude. 
On the contrary, for both cases aggregates composed of charged blocks with 
significantly different lengths adsorbed practically irreversibly. We have attributed 
these differences in adsorbed amounts after rinsing with solvent to the stability of the 
aggregates and to the wettability of the native surface[12]. Adsorption of regular 
C3Ms includes an unfolding mechanism in order to adapt the spherical geometry of 
the micelles to the flat geometry of the surface. This mechanism has been previously 
described by van der Burgh et al.[13] and Voets et al.[48]. However, assemblies 
containing a grafted copolymer do not unfold. Their backbone lies flat on the surface 
and charge repulsion is eliminated by the oppositely charged homopolymer. The 
short and dense PEO grafts are perpendicular to the surface and form a thin neutral 
layer between solution and adsorbed backbone assemblies. Formation of this 
structure is strongly enhanced due to the stiffness of the grafted copolymer chain. 
The stiff grafted chain is more likely to form elongated structures to limit bending. The 
grafted copolymer also contains a short hydrophobic sticker at one end of the 
polymer. The presence of that hydrophobic chain (C12H25), indicated in Figure 3, may 
promote adsorption. It is likely that assemblies of these hydrophobic stickers lie flat 
on the surface and do not disrupt the geometry of the coating. 
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Figure 8. Adsorption of GIC-PAPEO22/P2MVPI43 (a) and GIC-PAPEO22/PAH160 (b) coatings 
on silica and polysulfone surfaces, and the average grafting densities of PEO chains on both 
surfaces, at various concentrations of NaCl. Concentrations of GICs in solutions were 
100 mg/l, pH 7. Lines were added to guide the eye. 
As shown in Figure 8, after rinsing with solvent, adsorption of 
GIC-PAPEO22/P2MVPI43 on silica hardly depends on salt concentration, if at all. 
However, on polysulfone the adsorbed amount decreases as the salt concentration 
increases from 1 to 10 mM NaCl. At 50 mM NaCl the adsorbed amounts on silica and 
polysulfone are comparable indicating similar structure of the coating. The lower 
adsorption on silica, as compared to polysulfone, may be due to electrostatic 
repulsion, as both GICs and silica are negatively charged under the experimental 
conditions. Adsorption of GIC-PAPEO22/PAH160 on silica increases with increasing 
salt concentration whereas on polysulfone it remains stable beyond 10 mM NaCl. 
Adsorbed amounts of these aggregates on both surfaces are very similar. 
Effect of GIC coatings on protein adsorption 
Reduction of protein adsorption by GICs adsorbed on silica and polysulfone surfaces 
was determined with fixed angle optical reflectometry. For comparison, we also 
measured the adsorption of proteins on the corresponding bare surfaces. Adsorbed 
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amounts of proteins on silica and polysulfone as a function of the NaCl concentration 
are presented in Figures 9a and 9b, respectively. 
 
  
Figure 9. Adsorption of proteins on bare silica (a) and polysulfone (b) surfaces. 
Concentrations of proteins in solutions were 100 mg/l, pH 7±0.1. Lines were added to guide 
the eye. 
On silica adsorbed amounts of BSA and Lsz are almost equal and invariant with salt 
concentration beyond 10 mM NaCl. Adsorbed amounts of these proteins increase 
with decreasing salt concentration below 10 mM NaCl. The pattern for β-lac is very 
different. β-lac adsorbs in much larger amounts and adsorption increases with 
increasing salt concentration reaching a similar value as those for BSA and Lsz at 
50 mM NaCl. On polysulfone, between 1 and 10 mM NaCl adsorption of β-lac and 
BSA slightly increases and that of Lsz strongly decreases. Beyond 10 mM NaCl (up 
to 50 mM NaCl) the adsorbed amount of BSA is invariant with salt and those of β-lac 
and Lsz strongly increase with increasing salt concentration. 
Protein adsorption on a solid-liquid interface is a result of the balance between 
electrostatic and non-electrostatic forces. It is determined by the properties of both 
the protein (size, charge, wetting behaviour) and the surface (hydrophobicity, charge, 
heterogeneity). The process is strongly influenced by the ionic strength of the 
solution and valence of the present ions[12,49,50]. Upon increasing the salt 
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concentration electrostatic interactions between the protein and the surface become 
weaker due to screening of charges. However, hydrophobic interactions remain 
essentially unchanged. This may explain why we observe decrease of the adsorbed 
amount of protein on hydrophilic silica with increasing salt concentration, and 
stabilized or increasing adsorbed amounts of proteins on hydrophobic polysulfone. 
In Figures 10 and 11 we present experimentally determined reduction factors of 
protein adsorption on surfaces coated with GIC-PAPEO22/ P2MVPI43 and 
GIC-PAPEO22/PAH160, respectively. We define the reduction of protein adsorption on 
coated surface as: Reduction = (1-Γ/Γ0)×100%, where Γ0 is the amount of protein 
adsorption on the native surface. 
 
  
Figure 10. Reduction of protein adsorption by pre-adsorbed GIC-PAPEO22/P2MVPI43 layer 
on silica (a) and polysulfone (b). Concentrations of proteins and GICs in solutions were 100 
mg/l, pH 7±0.1. Lines were added to guide the eye. 
From the results in Figures 10 and 11 it follows that the protein resistance of a 
coating of GICs with P2MVPI43 and PAH·HCl160 as the homopolymer differ 
significantly. On a GIC-PAPEO22/P2MVPI43 layer the adsorption of all proteins is 
strongly suppressed. An excellent reduction (>90%) was obtained on a silica surface 
for salt concentrations of 1 and 50 mM NaCl. On polysulfone the effect of salt 
concentration is more pronounced. As the salt concentration is increased from 1 to 
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50 mM NaCl, the adsorption reduction of β–lac and Lsz the reduction factor 
increases from about 68 and 82%, respectively, to >95%. On both surfaces the 
reduction of BSA adsorption is much lower than of the other proteins, and passes a 
minimum at 10 mM NaCl. This suggests the presence of some interactions between 
BSA and the coating that weaken as the salt concentration increases. The adsorbed 
amount of GIC-PAPEO22/P2MVPI43 corresponds to an area of 1.67 to 0.67 nm2 per 
PEO graft, as the salt concentration increases from 1 to 50 mM NaCl on both 
surfaces, respectively. This density should not allow for the coating to be penetrated 
by BSA (4 x 4 x 14 [nm3]). In solution, both β-lac and BSA form soluble complexes 
with P2MVPI43[5]. Aggregates formed with β-lac are much bigger and much more 
stable than the ones formed with BSA, and may result in erosion of the coating[5]. 
However, the interactions between polyelectrolytes within GIC-PAPEO22/P2MVPI43 
layer are very strong, and its structure does not allow for the formation of such 
complexes. Thus, the nature of BSA attraction to this coating remains unclear. 
GIC-PAPEO22/PAH160 preadsorbed on silica resulted in high reduction of β-lac and 
Lsz adsorption at 10 mM NaCl. Adsorption of β-lac was strongly suppressed 
independently of the salt concentration whereas reduction of Lsz adsorption 
improved as the salt concentration increased from 1 to 50 mM NaCl, going through a 
minimum at 10 mM NaCl. On polysulfone, reduction of β-lac and Lsz adsorption was 
moderate and practically invariant with salt concentration. On both surfaces reduction 
of BSA adsorption differs significantly from the other two proteins. On silica, the 
highest reduction was observed at 10 mM NaCl and it decreased as the salt 
concentration increased to 50 mM NaCl. Similarly, on polysulfone the highest 
reduction of BSA adsorption was measured at 10 mM NaCl (approximately 20%). 
However, at 1 and 50 mM NaCl BSA adsorption on a coated surface was higher than 
on the bare polysulfone (negative reduction in Figure 11b). These results indicate 
that the layer formed upon adsorption of GIC-PAPEO22/PAH160 is electrically neutral 
but seems to have a specific interaction with BSA that results in attraction of this 
protein to the coating. The adsorbed amount of GIC-PAPEO22/PAH160 corresponds to 
an average area of 0.63 to 0.53 nm2 per PEO graft, for 1 and 50 mM NaCl on both 
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surfaces, respectively. This density should be sufficient to prevent penetration by 
proteins providing the formation of perfect brush. 
 
  
Figure 11. Reduction of protein adsorption by pre-adsorbed GIC-PAPEO22/PAH160 layer on 
silica (a) and polysulfone (b). Concentrations of proteins and GICs in solutions were 100 
mg/l, pH 7±0.1. Lines were added to guide the eye. 
The grafted copolymer used in this study (PAA28-co-PAPEO22) resembles grafted 
block copolymer (PAA21-b-PAPEO14) discussed in Chapter 4 of this thesis. The main 
difference between the two is the distribution of the PEO grafts (8-9 EO monomers in 
both copolymers) along the backbone. In the grafted copolymer the grafts are 
randomly distributed along the charged chain (Figure 3), and in the block copolymer 
the charged monomers and grafted uncharged monomers form separate blocks. 
Both copolymers have additional hydrophobic chains of the same length, C12H25. The 
difference in distribution of charged and grafted monomers in these two copolymers 
have an enormous impact on the structure of the resulting aggregates formed with an 
oppositely charged polyelectrolyte and, more importantly, on the structure of the 
adsorbed layer. In the aggregates formed with grafted block copolymer and 
P2MVPI43 the hydrophobic tail is exposed, and the secondary aggregation occurs 
due to hydrophobic interactions between the tails. The Rh of the resulting particles in 
the bulk is approximately 100 nm [5], and when adsorbed they effectively suppress 
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protein adsorption on coated surfaces regardless the properties of the native surface. 
In aggregates formed with grafted copolymers and P2MVPI43 
(GIC-PAPEO22/P2MVPI43) the hydrophobic tails are “hidden” between the PEO 
grafts, and the secondary aggregation is only very limited (Rh~22 nm). Moreover, the 
limited flexibility of the PAA28-co-PAPEO22 chain suggests that GICs are elongated 
structures, rather than globular. As a result, the adsorbed GIC layer is thinner and the 
properties of the native surfaces influence suppression of protein adsorption. The 
structure of the resulting GICs is also influenced by the length and the flexibility of the 
oppositely charged blocks. 
A relatively low reduction of BSA adsorption on GIC-PAPEO22/PAH160 results from 
the factors discussed above: thin adsorbed GIC layer, relatively short brush forming 
PEO grafts, and PAH chain accessible for interactions with the proteins in the bulk. 
Ball et al.[51] reports on the formation of the soluble complexes between BSA and 
PAH. The largest aggregates formed at a specific ratio of BSA to PAH were shown to 
be electrically neutral. At other mixing ratios the net charge of the complexes 
corresponds to the charge carried by the molecule present in excess. At a given 
mixing ratio the size of the aggregates was shown to depend on the salt 
concentration, and to increase if the salt concentration decreases. It was shown that 
these complexes are thermodynamically stable, and it was concluded that their 
formation is entropically driven. Apparently, similar complexation does not occur 
between β-lac or Lsz and PAH·HCl160 under the experimental conditions discussed 
here. Moreover, we have not observed removal of the GIC layer from the surface 
upon contact with BSA that is observed during the formation of such aggregates[5]. 
Thus, the nature of the BSA attraction to the discussed coating remains unclear. 
Conclusions 
We have studied the formation and the stability of Grafted Ionomer Complexes 
(GICs) in solution, and the influence of GIC coatings on the adsorption of the proteins 
β-lac, BSA, and Lsz on silica and polysulfone. In solution these GICs were 
characterized by means of Dynamic Light Scattering. The sizes of GICs depend on 
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the length of the homopolymer (8 nm for GIC-PAPEO22/P2MVPI43 and 22 nm for 
GIC-PAPEO22/PAH160 indicating that no core–corona structure is formed as for the 
regular C3Ms). GICs partly disintegrate at salt concentrations above 10 mM NaCl. 
Adsorption of GICs on silica and polysulfone results in high density of PAPEO 
chains. Higher density (1.6÷1.9 PEO grafts / nm2) was obtained for GICs consisting 
of PAH·HCl160 than of P2MVPI43 (0.6÷1.5 PEO grafts / nm2). Both GIC coatings 
strongly suppress the adsorption of all proteins on silica (>90%). On polysulfone we 
observe reduction of β-lactoglobulin and lysozyme adsorption (>60%), only limited 
reduction of adsorption by GIC-PAPEO22/P2MVPI43, and attraction of bovine serum 
albumin to the GIC-PAPEO22/PAH160 coating probably due to the strong interaction 
between BSA and PAH and insufficient screening of the short PEO grafts. 
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 Chapter 6 
Formation and structure of Ionomer Complexes from grafted 
polyelectrolytes 
Abstract 
We discuss the structure and formation of Ionomeric Complexes formed upon mixing 
a grafted block copolymer with a linear polyelectrolyte (GBICs), and a chemically 
identical grafted copolymer with a linear polyelectrolyte (GICs). Light Scattering 
measurements show that GBICs are much bigger (~70-100 nm) than regular 
Complex Coacervate Core Micelles (C3Ms). The formation of GICs is different from 
the formation of regular C3Ms and GBICs, and their size depends on the length of 
the homopolyelectrolyte. The sizes of GBICs and GICs slightly decrease with 
temperature increasing from 20 to 65˚C. This effect is reversible for GICs and 
GBIC-PAPEO14/P2MVPI228, but shows some hysteresis for 
GBIC-PAPEO14/P2MVPI43. The temperature effect is stronger for GBICs than for 
GICs. SCF calculations for assembly of a grafted block copolymer, (having clearly 
separated charged and grafted blocks), with an oppositely charged linear 
polyelectrolyte of length comparable to the charged copolymer block predict 
formation of relatively small spherical micelles (~6 nm), with a composition close to 
complete charge neutralization. The formation of micellar assemblies is suppressed if 
charged and grafted monomers are evenly distributed along the backbone, i.e. in 
case of an ideal grafted copolymer. The very large difference between the sizes 
found experimentally for GBICs and the sizes predicted from SCF calculations 
supports the view that there is some secondary associating mechanism. A possible 
mechanism is discussed. 
Formation and structure of Ionomer Complexes from grafted polyelectrolytes 
 138 
Introduction 
Regular Complex Coacervate Core Micelles (C3Ms), also known as “Block Ionomer 
Complexes”[1] or “Polyion Complex Micelles”[2], are formed upon mixing linear, 
oppositely charged polyelectrolytes of which at least one contains a neutral block. In 
solution the assembly is driven by electrostatic attraction between the charged blocks 
and the entropy gain upon releasing the counterions. Charged blocks form a complex 
coacervate core which is stabilized by the neutral blocks, forming the corona. Upon 
addition of the homopolymer to the oppositely charged diblock copolymer, charged, 
loose structures with low aggregation numbers, so-called Soluble Complex Particles 
(SCPs) are initially formed. At a critical composition neutral C3Ms are formed, and 
the number of SCPs decreases to zero at the Preferred Micellar Composition (PMC). 
For regular C3Ms the PMC corresponds to the point of complete charge 
neutralization[3]. A detailed description of the formation of C3Ms may be found 
elsewhere[4]. The stability of C3Ms in solution depends on the relative lengths of the 
charged and neutral blocks[4,5], the salt concentration, and the pH[4,6,7]. The 
stability and structure of the C3Ms in the bulk, in turn, determine stability and 
structure of the adsorbed C3M layer, as well as its functionality with respect to 
suppressing protein adsorption[6]. The assembly of linear and non-linear oppositely 
charged polyelectrolytes, (i.e. grafted block or grafted copolymers) is rather similar. 
However, due to the presence of the short side chains which make the copolymer 
stiffer, the resulting aggregates may not have the distinct core-corona structures, 
characteristic for regular C3Ms. Therefore, to avoid any misunderstanding, the term 
“Grafted Block Ionomer Complexes” (GBICs) is adopted for particles formed with a 
grafted block copolymer (Figure 1a) and the term “Grafted Ionomer Complexes” 
(GICs) is used for particles formed with a grafted copolymer (Figure 1b). 
Additional interactions may contribute to the aggregation process if, for instance, 
hydrophobic end-groups of sufficient length are present in the polyelectrolyte chains 
forming the micelles. Such polyelectrolytes may exhibit surfactant-like properties. In 
general, surfactants and polymers may form mixed aggregates. In solution, at low 
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surfactant concentration, these coexist as separate species, but at the Critical 
Aggregation Concentration (CAC) the surfactants start to aggregate with the polymer, 
which then acts as a nucleation core, until the saturation concentration is reached. As 
a result the surfactants will form multiple spherical micelles, located at fixed distances 
along the polymer chain[8]. If the polymer carries a charge opposite to that of a 
surfactant-like polyelectrolyte, aggregation is driven by both electrostatic attraction 
and hydrophobic interactions. 
 
 
Figure 1. Schematic representation of a grafted block copolymer (a) and a grafted copolymer 
(b). 
The objective of this study is to characterize (i) aggregates formed upon mixing a 
grafted block copolymer, PAA21-b-PAPEO14 and an oppositely charged 
polyelectrolyte, P2MVPI (GBICs), and (ii) aggregates formed upon mixing a grafted 
copolymer, PAA28-co-PAPEO22 and oppositely charged polyelectrolytes, P2MVPI and 
PAH·HCl (GICs). Upon adsorption on solid-liquid interfaces GBICs and GICs 
suppress adsorption of proteins, provided that appropriate lengths of the charged 
blocks were chosen (Chapters 4 and 5 of this thesis). Adsorption of GBICs consisting 
of oppositely charged blocks of comparable lengths (22 and 43 monomers) resulted 
in full suppression of protein adsorption, whereas adsorption of GBICs consisting of 
charged blocks of significantly different lengths (22 and 228 monomers) resulted in 
enhanced protein adsorption. 
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Experimental characterization of the aggregates 
In solution polyelectrolyte aggregates can be characterized by Light Scattering 
techniques. Dynamic light Scattering (DLS) measurements allow determination of the 
decay constant ΓDLS. The results are analyzed using the method of cumulants. 
Measurements of ΓDLS allow determination of the diffusion coefficient D and, from 
this, of the hydrodynamic radius (Rh) of the particles, using the Stokes-Einstein 
equation (Eq. 3). 
2DqDLS =Γ            Eq. 1 
where the scattering vector q [1/cm] is given by the angle of detection θ, the solvent 
refractive index n, and the wavelength λ0 [cm] as: 

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πnq           Eq. 2 
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=           Eq. 3 
Here k [m2·kg/(s2·K)] is the Boltzmann constant, T [K] the temperature, ηs [m·kg/s2] 
the solvent viscosity, and Rh [m] the hydrodynamic radius of the particle. 
Static Light Scattering (SLS) measurements provide information about the molar 
mass of the particles (M), the apparent micellar aggregation number (Nagg), radius of 
gyration (Rg), the second virial coefficient B, and, for sufficiently large objects, the 
shape of the particles. The Rayleigh ratio R(θ,C), which is a measure of the 
scattering power of a dispersion, is obtained from: 
toluene
toluene
ex R
I
I
CR )(),( θθ =         Eq. 4 
where solventsampleex III −=  is the excess scattered intensity, Itoluene is the scattering 
intensity of the reference solution (toluene), and R(θ)toluene is the Rayleigh ratio of the 
reference solution. R(θ)toluene is equal to 3.2×10-5 [1/cm] at room temperature. 
The Rayleigh ratio allows for molecular characterization of the scattering molecules 
according to: 
Chapter 6 
 141
( ) ( ) ( )qPBCMqSqPMR
KC
particle
particle 121111
)(



+==
θ
     Eq. 5 
where P(q) is the form factor, S(q) the structure factor, Cparticle [g/cm3] the 
concentration of the scatterers, M [g/mol] the molecular mass of the scatterers, B 
[cm3·mol/g2] the second virial coefficient, and K an optical constant. S(q) is a structure 
factor, and is equal to unity at sufficiently low concentrations at which interactions 
between the scattering particles may be neglected. K [cm2·mol/g2] is defined as 
follows: 
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where n is refractive index of the solvent, NAV [1/mol] is Avogadro’s number, λ0 [cm] 
is the wavelength of the incoming beam, and dn/dc [cm3/g] is the refractive index 
increment of the solute. 
The form factor, P(q), expresses the effect of particle shape and size on the 
scattering power. For scatterers with dimensions (in terms of the radius of gyration 
Rg) much smaller than the length of the incident light (qRg → 0) the form factor P(q) is 
independent of the shape of the particles, and may be approximated by: 
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Equation 8 is the basic equation for the Zimm plot in which M is determined by 
extrapolation of KC/R to q=0 and Cparticle=0. Rg and B follow from the slope of 
KC/R(q=0) against Cparticle, and KC/R(Cparticle=0) against q2. The measured scattering 
intensity of sufficiently small particles and low particle concentrations may also be 
analyzed in terms of the Guinier approximation (Eq.9): 
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If the size of the scattering particles becomes comparable with the length of the 
incident light (1≤qRg≤10) higher terms in the power series expansion of the form 
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factor (Eq.7) become important and the full equation has to be applied. For these 
objects the form factor allows distinguishing between different particle shapes. For a 
homogeneous hard sphere with radius R the form factor P(q) is given by[9]: 
2
3
2
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)]cos()[sin(3),(),( 
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qRqRqRRqFRqP  Eq. 10 
where F(q) is an amplitude of the form factor. The form factor for an ellipsoid of 
revolution was determined by Guinier[10], and expressed for three semi-axes R, R, 
εR, and angle α: 
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Thus, for low concentrations, the combined equations 5 and 10 describe light 
scattering for an object with a shape approximated by a homogeneous hard sphere, 
and equations 5 and 11-12 describe light scattering for an object approximated by an 
ellipsoid of revolution. 
For known molecular weight of the building block[4], the aggregation number of the 
Ionomer Complexes can be estimated by: 
blockbuilding
agg M
MN
_
=  Eq. 13 
The molecular weight of the building block is defined as the sum of the molecular 
weight of the block copolymer and the molecular weight of the stoichiometric amount 
of oppositely charged polyelectrolyte minus the molecular weight of the 
corresponding number of counterions of both polymers[4]. Calculated values of 
Mbuilding_block are summarized in Table 1. 
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Table 1. Calculated values of molecular weights of building blocks. 
System Mbuilding_block [g/mol] 
GBIC-PAPEO14/P2MVPI43 
GBIC-PAPEO14/P2MVPI228 
GIC-PAPEO22/P2MVPI43 
GIC-PAPEO22/PAH160 
1.18×104 
1.19×104 
1.68×104 
1.47×104 
 
Self Consistent Field Calculations 
Self Consistent Field (SCF) modeling allows for a detailed molecular description of 
the polymeric micelles. Existing models examine classical micellar systems formed 
by copolymers in selective solvents[11-14]. In these models the formation of micelles 
is described by a driving force, typically the immiscibility of one of the blocks with the 
solvent resulting in formation of a core, and a stopping mechanism, commonly the 
build-up of the pressure between the solvated corona chains. The assembly of 
oppositely charged polyelectrolyte (PE) chains, leading to the formation of C3Ms, 
was also recently studied[15,16]. It was argued that some hydrophobic attraction in 
the PE blocks may also contribute to the inter-polyelectrolyte complexation. In these 
early studies the electrostatic interactions were mimicked by nearest-neighbor 
attractions, implemented by a negative Flory-Huggins interaction parameter, χ. 
Realistic information about the thermodynamic stability and the structure of the 
aggregates is available through SCF modeling provided that the set of parameters 
accurately describes the system, as there is a strong relation between molecular 
architecture, strength of driving and stopping forces, and the structure of the most-
likely micelles. Typical predictions are in a good agreement with experimentally 
determined concepts from surfactant science. For instance, spherical micelles were 
found to be stable, relative to worm micelles when the size of the core is smaller than 
that of the corona. 
SCF modeling starts with a mean-field free energy in a pre-set coordinate system. 
Here, we focus on a spherical coordinate system, because the molecular structure 
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points to the stability of spherical micelles. For each molecular species the free 
energy includes a single-chain partition function. This quantity is usually evaluated 
using the freely-jointed chain approximation. The electrostatic interactions are 
accounted for on the Poisson-Boltzmann level. The non-electrostatic interactions are 
evaluated with the Bragg-Williams approximation and described by the well-known 
Flory-Huggins parameter. Typically, it is assumed that the system is incompressible. 
The equations are implemented using lattice approximations. The SCF solution, 
which appears as a saddle point of the free energy, is found up to high precision by 
an appropriate numerical (iterative) scheme[17-19]. 
Materials and methods 
Poly(2-vinyl pyridine) (P2VP43, Mn=4.15 kg/mol, PDI=1.09) was purchased from 
Polymer Standard Service (Mainz, Germany). Poly(N-methyl 2-vinyl pyridinium 
iodide) (P2MVPI228, Mw=56 kg/mol, PDI=1.09) was purchased from Polymer Source 
Inc, Canada. Poly(acrylic acid)-b-poly(acrylate methoxy poly(ethylene oxide)) 
(PAA21-b-PAPEO14, Mn=8.86 kg/mol, PDI=1.4, the molecular mass of graft is 
Mgraft=0.450 kg/mol corresponding to a length of 8-9 monomers per grafted PEO 
chain), and poly(acrylic acid)-co-poly(acrylate methoxy poly(ethylene oxide)) 
(PAA28-co-PAPEO22, Mn=8.86 kg/mol, PDI=1.4, Mgraft=0.450 kg/mol, also 
corresponding to 8-9 monomers per grafted PEO chain) were a kind gift from 
Christophe Detrembleur, Université de Liège. The synthesis and characterization of 
these polymers are described in detail elsewhere[20]. Schematic representations of 
the polymeric molecules used in this study are shown in Figures 2-4. Poly(allylamine 
hydrochloride) (PAH·HCl160, Mn=15 kg/mol, ≥95%), sodium chloride (NaCl), sodium 
hydroxide (NaOH, 1M), hydrochloric acid (HCl, 1M), and toluene of analytical grade 
were purchased from Sigma. All chemicals were used as received. 
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Figure 2. A schematic representation of PAA21-b-PAPEO14, including a hydrophobic end-
group C12H25 being a residue of the primer used during the synthesis of this grafted block 
copolymer. 
 
Figure 3. A schematic representation of PAA28-co-PAPEO22 molecule. Subscripts denote 
numbers of repeating blocks: acrylic acid (AA): x × m=28, and acrylate methoxy 
poly(ethylene oxide) (APEO): x × n=22. The hydrophobic end-group, C12H25, is a residue of 
the primer used during the synthesis of this grafted copolymer. 
 
Figure 4. Schematic representation of P2MVPIy, where subscript y corresponds to the 
number of monomers in the polymer chains used in the experimental part (43 and 228). 
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Quaternization of P2VP 
Poly(2-vinyl pyridine) (P2VP43) was quaternized and subsequently characterized 
according to the procedure described in detail in Chapter 4 of this thesis. 
Characterization of GBICs and GICs in solution 
Stock solutions of PAA21-b-PAPEO14, PAA28-co-PAPEO22, P2MVPI228, P2MVPI43, 
and PAA·HCl160 in MilliQ water were prepared. Prior to the measurements, solutions 
of the required polymer and salt concentrations were prepared from the stock 
solutions. The pH was adjusted to 7±0.1 with 1 or 0.1 M NaOH and HCl, when 
necessary. GBICs solutions were prepared at the Preferred Micellar Composition 
(PMC) as determined with light scattering titrations, and GICs solutions were 
prepared at the point of zero charge determined with zeta potential measurements, 
as described elsewhere[6,21]. All solutions were prepared in 10 mM NaCl, pH 7. The 
concentrations of GBIC-PAPEO14/P2MVPI43 and GBIC–PAPEO14/P2MVPI228 varied 
from 0.1 to 6 g/l, and the concentrations of GIC-PAPEO22/P2MVPI43 and 
GIC-PAPEO22/PAH160 varied from 2 to 0.25 g/l. GICs solutions were filtered with 
0.45 μm syringe filter prior to the measurements. Light Scattering (LS) 
measurements were performed using an ALV light scattering instrument equipped 
with an ALV_500 digital correlator and a 300 mW argon ion laser (532 nm), at 
25±0.5˚C. Decalin was used as a refractive index matching medium. Experiments 
were performed approximately 12 hours after mixing the polyelectrolytes at the PMC 
in order to ensure equilibrium. For each sample the scattering intensity was 
measured 10 times per angle θ=30 to 120˚, every 1˚ (GBICs) and θ=30 to 130˚, every 
5˚ (GICs), in order to determine the Rayleigh ratio R(θ,C). 
Results and discussion 
Grafted copolymers discussed in this study (Figures 2 and 3) are composed of 
similar number of chemically identical groups. The difference between the two is the 
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distribution of charged and grafted monomers along the backbone of the molecule. In 
the grafted copolymer, PEO grafts are randomly distributed along the charged chain. 
In the grafted block copolymer the charged units and the neutral grafted units are 
organized in separate blocks. This difference has a dramatic impact on the size and 
the structure of Ionomer Complexes, as indicated in Chapters 4 and 5 of this thesis. It 
is expected that upon mixing with oppositely charged polyelectrolytes the copolymers 
aggregate due to electrostatic attraction between the oppositely charged chains. As, 
usually, charge compensation is obtained at the PMC (i.e. the maximum in the 
scattering intensity), but the assembly may be further promoted by hydrophobic 
interactions between the hydrophobic end-groups attached to both copolymers 
(Figures 2 and 3). However, this process seem to depend on the accessibility of 
these end-groups, and thus on the structure of the aggregate. To further validate 
these expectations, we investigate the stability of GBICs and GICs as function of the 
total polymer concentration and the temperature. 
At PMC the hydrodynamic radii (Rh) of GBIC-PAPEO14/P2MVPI43 and 
GBIC–PAPEO14/P2MVPI228 have been determined with DLS titrations, at 90˚, and as 
a function of the aggregates’ concentration after an equilibration time of about 12 
hours. As shown in Figure 5a the observed radii of GBICs are much larger than 
values reported for regular C3Ms systems. At low concentrations (c~0.1 g/l) values of 
90-110 nm are obtained as compared to 20-30 nm for regular C3Ms. Such values are 
comparable to those reported in a previous paper for concentrations between 
0.1-0.4 g/l. In the low concentration range the effect of concentration is relatively 
weak (Figure 5). However, at concentrations of 5.5 and 6 g/l for 
GBIC-PAPEO14/P2MVPI43 and GBIC-PAPEO14/P2MVPI228, respectively, we have 
observed radii of about 400 and 150 nm, respectively (Figure 6). We anticipate that 
the larger size of the micelles and the size increase at higher concentrations is a 
consequence of a secondary aggregation mechanism due to the hydrophobic sticker. 
However, the stopping mechanism maybe due to hiding of the stickers inside the 
aggregate upon further growth. 
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Figure 5. Effect of the total polymer concentration on the hydrodynamic radii (Rh) of 
GBIC-PAPEO14/P2MVPI43 and (●) GBIC-PAPEO22/P2MVPI228 (left), and 
GIC-PAPEO22/P2MVPI43 (●) GIC-PAPEO22/PAH160 (○) (right). Experiments were carried out 
in 10 mM NaCl, pH 7, at room temperature, θ=90˚. 
The Rh of GIC-PAPEO22/P2MVPI43 and GIC-PAPEO22/PAH160 determined at the 
PMC during DLS titrations, at 90˚, were approximately 8 and 22 nm, respectively[21]. 
The radius of GIC-PAPEO22/P2MVPI43 is very small. We attribute this observation to 
the low aggregation number which is a consequence of the stiffness of the 
PAA28-co-PAPEO22 molecule and relatively small length of the oppositely charged 
P2MVPI43 chain[21]. It was concluded that the size of a GICs is mainly determined by 
the length of the homopolymer, and not so much by the chemical properties of the 
homopolymers. For the GICs the hydrodynamic radius is independent of 
concentration up to a concentration of 2 g/l. (Figure 5b). From these results it follows 
that the effect of the hydrophobic terminating end-groups of the grafted copolymers 
does not lead to a significant 3-dimensional growth. 
In order to further investigate the contribution of the hydrophobic C12H25 groups to the 
aggregate formation, we have also studied the effect of temperature on 
(hydrodynamic) size. Results for GBICs are presented in Figure 6. Here, we focus on 
the big aggregates at the highest concentration, in order to emphasize the effect of 
the (small) additional interactions due to the hydrophobic end-groups. 
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Figure 6. Change of the hydrodynamic radius (Rh) and of scattering intensity divided by the 
total polymer concentration (I/c) of GBIC-PAPEO14/P2MVPI43 and GBIC-PAPEO14/P2MVPI228 
with temperature, at θ=90. Experiments were carried out in 10 mM NaCl, pH 7. The total 
polymer concentrations were 5.5 and 6.0 g/l, respectively. 
The hydrodynamic radii of the GBICs decrease as the temperature increases from 20 
to 65˚C. For GBIC-PAPEO14/P2MVPI228 this apparent change in particle size and in 
the corresponding scattering intensity are entirely reversible. Changes of Rh for 
GBIC-PAPEO14/P2MVPI43 show some hysteresis, and the corresponding changes in 
scattering intensity are not fully reversible. From the results we conclude that the high 
temperature partly disrupts the big aggregates at this concentration, but the 
aggregates do not fall apart to the size at low GBICs concentrations (around 
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100 nm), and certainly not to the primary micelles (which are expected to be as small 
as ~10 nm, see also the SCF modeling below). We speculate that the temperature 
effect is related to the nature of the aggregates at high concentration. At low 
concentrations we expect the effect will be absent or at least much smaller. However, 
we have not studied the temperature effect at low GBICs concentration separately. 
The temperature dependence for GICs is shown in Figure 7. The size and the 
scattering intensity of GICs are not significantly influenced by the temperature. We 
observe only a small increase in size as the temperature increases. 
To obtain some information about the shape and the apparent molecular masses of 
GBICs and GICs we carried out additional light scattering measurements. Results 
presented in Figures 8 and 9 show changes in the decay coefficient Γ with q2 and 
corresponding changes in Rh. At low q2 changes of Г with q2 strongly deviate from 
linear, indicating polydispersity of the scattering objects or their non-spherical shape. 
The deviation is less pronounced for GBIC-PAPEO14/P2MVPI43 than for 
GBIC-PAPEO14/P2MVPI228. For both systems we observe slow changes of the 
particle size and structure in time, in particular for GBIC-PAPEO14/P2MVPI228. This is 
a clear indication that the system is not in the equilibrium. 
Multi-angle light scattering measurements for GIC-PAPEO22/P2MVPI43 and 
GIC-PAPEO14/PAH160 show that for both systems the decay coefficient Γ changes 
linearly with q2 (Figure 10), and so that the corresponding hydrodynamic radius 
depends only slightly on the angle of detection, indicating that GICs are most likely 
spherical structures with a narrow size distribution. 
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Figure 7. Change of the hydrodynamic radius (Rh) and scattering intensity divided by the total 
polymer concentration (I/c) of GIC-PAPEO22/PAH160 with temperature, at θ=90. Experiments 
were carried out in 10 mM NaCl, pH 7. The total polymer concentration amounted to 2.05 g/l. 
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Figure 8. DLS results: ΓDLS and Rh as functions of q2 measured for solutions of 
GBIC-PAPEO14/P2MVPI43 12 and 36 hours after mixing two micellar components at the PMC 
in 10 mM NaCl, pH 7. The total polymer concentration is 0.1 g/l. Solid lines in the graph on 
the left hand side correspond to linear fits of the experimental data. 
 
  
Figure 9. DLS results: ΓDLS and Rh as functions of q2 measured for solutions of 
GBIC-PAPEO14/P2MVPI43 12 and 36 hours after mixing two micellar components at PMC in 
10 mM NaCl, pH 7. Total polymer concentration: 0.1 g/l. 
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Figure 10. DLS results: ΓDLS (left) and Rh (right) as functions of q2 measured for solutions of 
GIC-PAPEO22/ P2MVPI43 (●) and GIC-PAPEO22/PAH160 (○) in 1 mM NaCl, pH 7. Total 
polymer concentration: 2 [g/l]. A slight increase of Rh measured for GIC-PAPEO22/ P2MVPI43 
is most probably a consequence of presence of larger aggregates in the solution. Solid lines 
in the left panel correspond to linear fits of the experimental data. 
Information about the apparent molar masses (M) and radii (R) of 
GBIC-PAPEO14/P2MVPI43 and GBIC-PAPEO14/P2MVPI228 were obtained by fitting 
Eq.13 to the experimental results. The dimensions of GBICs are comparable to the 
wavelength of the incident light (Rg>λ/20=27 nm), i.e. beyond Rayleigh and Guinier 
scattering regimes[22]. Therefore we applied the full equations for the form factor 
P(q) for different shapes. To describe GBICs we have chosen models for the form 
factor with the lowest number of adjustable parameters: a homogeneous and 
monodisperse hard sphere (Eq. 5,10), and an ellipsoid of revolution (Eq.5,11-12). 
Model fitting was done by least squares minimization, starting from the average value 
of Rh for some scattering angles (Matlab software) to obtain good initial estimates. In 
this study, a proper choice of initial guesses of both M and R together with an 
appropriate scaling of the parameters appeared to be crucial because of the 
presence of local minima in the model fitting problem. Results of the model fitting are 
shown in Figures 11-14, and numerical results are summarized in Table 2. 
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Figure 11. Upper panels show results of fitting a model with the form factor for a 
homogeneous hard sphere (solid line) to the multiangle light scattering data (○) obtained for 
GBIC-PAPEO14/P2MVPI43 12 (left) and 36 (right) hours after mixing the micellar components. 
The lower panels show the corresponding residues. Experiments were carried out at 10 mM 
NaCl, pH 7. The most significant deviation between the model and the experimental data is 
observed at low scattering angles (low q2). 
The quality of the fit decreases at low detection angles, where the data become less 
reliable. One may argue that the applied model does not describe the structures 
accurately. However, application of more complex models (i.e. ellipsoid of revolution, 
tri-axial ellipsoid, data not shown) and adding polydispersity do not improve the fit. 
Moreover, the models become insensitive to some of the parameters. The non-ideal 
fit may result from the fact that GBICs have not reached the state of the equilibrium 
yet, i.e. are changing in time. Figure 12 shows the sensitivity of the model for 
GBIC-PAPEO14/P2MVPI43 to changes in model parameters, namely molecular weight 
(M) and radius (R). Partial derivatives of the model equation with respect to each 
parameter, also called sensitivities are plotted against q. The higher the absolute 
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value of the partial derivative at a given point, the more sensitive the model is to 
small changes of the parameter at this point. In Figure 12 values on the left and right 
ordinates result from the scaling applied during the model fitting procedure. The 
model describing GBIC (measured 36 hours after mixing) becomes more sensitive to 
the changes of R. However, at high scattering angles (q>2.5 10-5 1/cm) the sensitivity 
with respect to R becomes constant. 
 
  
Figure 12. Sensitivity of the fitted model with respect to both model parameters: molar mass 
of the scattering aggregate (M), and its radius (R), obtained for GBIC-PAPEO14/P2MVPI43 12 
(left) and 36 (right) hours after preparation of GBICs. 
Accurate fitting of GBIC-PAPEO14/P2MVPI228 data (12 hours after mixing) was found 
difficult and inaccurate at low scattering angles (low q2). A much better model fit was 
obtained for these particles for data measured 36 hours after preparation (Figure 13, 
right panel), where we calculated the form factor for an ellipsoid of revolution. In 
Figure 14 we summarize the sensitivity of the model for GBIC-PAPEO14/P2MVPI228 
to changes in molecular weight (M), radius (R), and the radius scaling factor (ε). The 
sensitivity for R increases for high scattering angles, while for M it decreases. 
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Figure 13. The upper panels show results of fitting a model with the form factor for a 
homogeneous hard sphere (left) and an ellipsoid of revolution (right) (solid line) to the 
multiangle light scattering data (○) obtained for GBIC-PAPEO14/P2MVPI228 12 (left) and 36 
(right) hours after mixing the micellar components. The lower panels show the corresponding 
residues. Experiments were carried out at 10 mM NaCl, pH 7. The most significant deviation 
between the model and the experimental data is observed at low scattering angles (low q2) 
for GBICs 12 hours after preparation. 
The results summarized in Table 2 indicate significant changes in sizes of the 
aggregates over time. The radii determined for GBIC-PAPEO14/P2MVPI43 are in a 
good agreement with experimentally determined Rh (Figure 8). The radius estimated 
for GBIC-PAPEO14/P2MVPI228 36 hrs after mixing is significantly larger than the one 
estimated from DLS measurements at 90˚ (Figure 9). The molar masses of GBICs 
indicate very high aggregation numbers, exceeding the values expected for regular 
C3Ms. Both the dimensions and the aggregation numbers of GBICs indicate that they 
are composed of smaller sub-micelles assembled due to additional hydrophobic 
interactions between the hydrophobic end-groups of grafted block copolymers. 
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Figure 14. Sensitivities of the fitted models with respect to all model parameters: molar mass 
of the scattering aggregate (M), its radius (R), and the radius scaling factor (ε) obtained for 
GBIC-PAPEO14/P2MVPI228 12 (left) and 36 (right) hours after preparation of GBICs. 
The scattering from small GIC-PAPEO22/P2MVPI43 and GIC-PAPEO22/PAH160 
particles, is within the Rayleigh and Guinier scattering regimes[22] so that the form 
factor P(q) can be approximated with Eq.7. The information about the molar mass 
and radius of gyration (Rg) of the particle can be obtained from experimental data 
applying Zimm and/or Guinier approximations, Eqs.11 and 12 respectively. 
 
Table 2. Summary of the model fitting to the experimental SLS and DLS data: radius of the 
aggregate (R), hydrodynamic radius determined at 90˚ from DLS measurements (Rh), 
molecular mass of the aggregate (Mparticle), aggregation number calculated from Eq.19 (Nagg), 
and radius scaling factor (ε). 
System Time [hrs] R [nm] Rh, 90˚ M×105 [g/mol] Nagg ε 
GBIC-PAPEO14/P2MVPI43 
12 
36 
66.1±0.7 
86.3±0.9
65.9 
73.8 
252±2 
496±6 
2145 
4217 
- 
- 
GBIC-PAPEO14/P2MVPI228 
12 
36 
103±1 
294±2 
120.7 
145.5
315±5 
2400±30 
2679 
20202 
- 
0.38±0.01
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The molecular weights, M, aggregation numbers, Nagg, micellar hydrodynamic radii 
extrapolated to zero angle, Rh0, determined with DLS and SLS are summarized in 
Table 3. In Figure 15 we plot the Guinier approximation of the measured data. 
According to Eq. 9 Rg can be determined from the slope of the Guinier plot. However, 
the change of R(θ,C) as a function of angle of detection (q) was only minor. 
For GIC-PAPEO22/PAH160 the slope is approximately zero, and for 
GIC-PAPEO22/P2MVPI43 it is slightly negative. This kind of behaviour is expected for 
particle sizes within Rayleigh limit, i.e. particles much smaller than the wavelength of 
the incoming beam (Rh0<λ/20=27 nm). In this regime the particles may be considered 
as point scatterers and there is practically no information about the particle 
dimensions. Thus Rg values are not reported. 
 
 
Figure 15. The LS results: Guinier plot. Experiment was carried out in 1 mM NaCl, pH 7. The 
total polymer concentration was 2 g/l. Measurements at lowest angles (θ=30 and 35˚) have 
been excluded from analysis due to a very high measured values, probably due to the 
presence of larger aggregates in a solution. Lines represent the linear fits to the experimental 
data. 
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Table 3. Summary of the Light Scattering results: Rh0 - hydrodynamic radius extrapolated to 
zero angle. M – molar mass of GICs estimated from Zimm approximation. 
 GIC-PAPEO22/P2MVPI43 GIC-PAPEO22/PAH160 
Rh0 [nm] 
M [g/mol] 
Nagg 
8 
1.31×105 
8 
22 
6.14×105 
42 
 
Self Consistent Field calculations 
The polymers forming GBICs are modeled taking into account their structural 
features on the monomer level. Electrostatic interactions are introduced by assigning 
charges to the polyelectrolyte blocks forming the micellar core. Other interactions are 
treated by means of Flory-Huggins parameters. In Table 4 we present the relevant 
details. The partial positive charge “P” in the 2-vinyl pyridinium (2VP) monomer is 
distributed over the “ring” (mimicked by a double-branched side group); the degree of 
quaternization of P2MVPI (85%) is also taken into account here. The negative charge 
of the acrylic acid (AA) monomer is located in the carboxyl group and we modeled 
this as CN2 where “N” represents a negative charge of -0.5. 
The calculations were performed in a semi-open ensemble. This means that the 
system was closed for the homopolyelectrolyte chain(s) and open for the solvent, the 
ions, and the oppositely charged copolymer with a neutral block. By choosing a fixed 
number of homopolymers in the calculations, the aggregation number for a particular 
(sub)calculation is fixed. For each generated SCF solution we first check the 
thermodynamic parameters. There exists only a small range of aggregation numbers 
for which the micelles pass all the thermodynamic stability tests[23-26] and only 
these results are further analyzed. Following the experimental systems we focus on 
systems above the critical micellization concentration and for which the micelle 
concentration is dilute (no micelle-micelle interaction). We found thermodynamically 
stable micelles at low ionic strength. Their composition is very close to the point of 
zero charge, i.e. there are almost equal amounts of positive and negative charges in 
the micellar core. 
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Figure 16 shows the radial volume fraction profile for a micelle with grand potential 
(work of formation) Ω~10 kT. This energy must be balanced back by the translation 
entropy of the micelle. This implies, in this case, a (dilute) micellar volume fraction of 
ϕm~10−5. At this micellar concentration, the most-likely micelle carries 7 cationic 
homopolymers and on average just over 11 anionic copolymers to ensure the charge 
compensation. The micellar core resulting from the applied parameters is well 
hydrated. However, the experimental estimates for the water content of C3Ms can be 
up to several tens of %[28]. This relatively low water content must be attributed to the 
relatively large number of hydrophobic C segments in the blocks forming the core. 
The correlation attraction between positively and negatively charged core blocks is 
neglected in this Poisson-Boltzmann-like treatment of electrostatics. The radial 
volume fractions in Figure 16 show that there is a large overlap between the core and 
the corona forming segments. This overlap is significantly larger than for classical 
surfactants. The low interfacial tension between core and solvent is due to the broad 
interface. 
From Figure 16 (left panel) the radius of the micelle can be estimated. Here, one 
should decide on some definition of how to compute the radius, but even inspection 
by eye already shows that a reasonable upper limit amounts to 20 lattice layers. This 
corresponds to a radius of approximately 6 nm. This radius is much smaller than the 
one extracted from the light scattering measurements for this system. We will return 
to this issue in the discussion below. Figure 16 (right panel) shows the profile of the 
electrostatic potential in combination with the radial charge distribution across the 
micelle. For the discussed system both quantities are small. This is consistent with 
an approximately electrically neutral micellar core. Even though the charge 
distribution is non-trivial, the magnitude of the charge separation in the micelle is so 
small that further discussion of these distributions is not meaningful. 
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Table 4. Information about the molecular model used in the SCF calculations. The top part 
contains an overview of the overall molecular structures of the (chain) molecules. In the 
second part we show the chemical architectures of the monomers, water and ions. In the 
schemes the thick solid line represents the backbone. In the side chains thin solid lines are 
used to indicate the bonds. The last part contains the names, valences, symbols of the 
monomers, and the Flory-Huggins interaction parameters. This parameter set is in part 
based on calculations of classical surfactant self-assembly[27] (these specify the important 
χCW, χOW values). Further, we implemented an effective repulsion between C and charged 
segments, and some non-ideal mixing of the salt ions with water (W). Finally, Na and Cl were 
given some addition attractive interactions to the oppositely charged segments of the 
polyelectrolytes in such a way that the partition coefficients are matched. 
Molecules: 
homopolymer (P)Np Np = 43 
copolymer (N)Nn(H)Nh Nn = 22 Nh = 14 
Monomers: 
P (P2VP) 
 
N (PAA) 
(        )   
N N  
H 
 
salt (1:1) +  −  
solvent (water) 
 
symbol valence χ C P N O W Na Cl 
 0 C 0 2 2 2 1.1 2 2 
P  0.2125 P 2 0 0 0 0.3 0 -0.25 
N  -0.5 N 2 0 0 0 0.3 -0.5 0 
 0 O 2 0 0 0 -0.6 0 0 
 0 W 1.1 0.3 0.3 -0.6 0 1 1 
+  1 Na 0 0 -0.5 0 1 0 0 
−  -1 Cl 2 2.5 0 0 1 0 0 
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Figure 16. Left panel: radial volume fraction ϕ(r) profiles for water (thin dotted line), the 
cationic homopolymer (dashed line), and both blocks of the anionic copolymer (solid lines). 
Both the core and the corona regions are indicated. Right panel: the corresponding 
electrostatic potential profile ψ [V] (left ordinate), and the dimensionless charge distribution 
q/e (right ordinate). 
 
Figure 17. The dimensionless charge distribution due to the polycation (solid) and polyanion 
block (dashed), left ordinate, and the radial volume fraction, φ, profiles for the 1:1 electrolyte 
ions as indicated. Parameters: see Table 4. Volume fraction of salt is ϕs=0.001 
corresponding to the concentration of approximately 0.05 mol/l. 
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The radial profiles of the volume fraction of the small ions (Figure 17; right ordinate) 
follow the Boltzmann weight, in which the electrostatic potential is an important 
contribution. The micelles contain a slightly higher amount of polycations than 
polyanions; the concentration of anions in the core is higher than of cations, and the 
potential tends to be positive in this case. 
As indicated earlier, the micelle discussed in Figures 16 and 17 is the most likely 
structure for a given micellar concentration. Other micellar structures that carry fewer 
or more polycations occur as fluctuations. The width of this distribution can be 
estimated from the corresponding grand potentials of such micelles. We do not show 
this analysis, but mention that the results indicate that fluctuations in aggregation 
numbers are limited to plus or minus 2-3 homopolymer chains. Hence, the micellar 
size distribution is relatively sharp for this system. 
We performed a corresponding analysis, using the same parameter set, for the 
system with a five times longer polycation chain. In the SCF model the size of the 
micelle is controlled by crowding of the corona chains. Therefore, the formation of 
similar micelles with almost the same composition and a very similar amount of 
cationic segments (hence a five times decrease in number of chains) was predicted. 
In reality, the number of chains can only vary by integer values, and therefore we 
expect unusual fluctuations in the size of the micelle in this case. 
The micellization process was dramatically inhibited when the PEO side chains were 
distributed homogeneously along the anionic polymer backbone. This finding is in a 
good agreement with the results presented in Figure 10 for GIC-PAPEO22/P2MVPI43 
(Rh~8 nm). In this particular case the distribution of PEO was probably also had a 
gradient. These results show that in order to form stable micelles it is important to 
separate the core forming block from the corona forming block in the molecular 
architecture. 
One may argue that the small micellar sizes predicted by the SCF model are an 
artifact introduced by the values of parameters implemented to describe the system. 
A small change in the parameter value may have severe consequences for the 
micellar structure. For instance, modeling the ions as more hydrophilic may result in 
their complete exclusion from the micellar core, and as a result the stability of the 
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micelles becomes insensitive to the ionic strength. The set of parameters applied to 
describe GBICs predicts disintegration of the aggregates as the salt concentration 
increases, which is in agreement with the experimental results (Chapter 4 of this 
thesis). In the discussed model, hydrophobic interactions are partly responsible for 
the stability of the micelles. Making the monomers more hydrophobic may result in 
exclusion of more solvent from the micellar core. One may argue that a more 
hydrated core will increase its size and possibly destabilize the spherical geometry. 
However, a reduction of the core density typically implies a lower strength of the 
driving force for micellization. A reduction of the driving force leads to a reduction of 
the aggregation numbers. The low aggregation numbers point again to the spherical 
micelle as the first choice of assembly. 
The size of the micelles can be increased by reduction of the solvent quality for PEO. 
For nonionic surfactants this behavior is well known. In our polymers we have an 
equivalent of almost 130 EO segments and such a PEO chain can be easily 
dissolved in water. The segments of the non-polar backbone may change this picture 
and may give the anionic copolymer a relatively strong temperature dependent 
solubility characteristic. Another factor which may explain the strong difference 
between the sizes found by light scattering (Chapter 4 of this thesis) and the SCF 
results discussed above is the presence of a hydrophobic moiety in the anionic 
copolymer chain. This group may trigger a secondary assembly of the micelles into 
super aggregates. We cannot include this effect in our modeling, because 
hierarchical assemblies are out of scope of the current version of the SCF model. 
Conclusions 
We have shown that change in a distribution of charged and neutral groups along the 
backbone of the grafted copolymer PAA-b(co)-PAPEO, containing hydrophobic 
end-group, has a significant impact on the formation, and the structure of the 
described Ionomer Complexes. Aggregates formed with grafted block copolymer 
(GBICs) are much bigger than the regular C3Ms (Rh~70-100 nm), whereas 
aggregates formed with grafted copolymer (GICs) are of comparable or much smaller 
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size (Rh~6-22 nm). We conclude that if the aggregates are formed with grafted block 
copolymer (GBICs) a core-shell structure is formed similar to regular C3Ms, but the 
hydrophobic end-groups are not (fully) hidden and extend beyond the corona-solvent 
interface. As a consequence, the assembly of GBICs is driven by two types of 
interactions: primary assembly is driven by electrostatic attraction between the 
oppositely charged blocks, and secondary assembly is driven by hydrophobic 
interactions between the hydrophobic groups at one end of the chains. The grafted 
copolymer is a relatively stiff molecule in which the charged and neutral monomers 
are not clearly separated. In GICs the hydrophobic end-group is expected to be 
embedded amongst PEO grafts. In this case the interactions between the 
hydrophobic chains originating from different aggregates are suppressed for steric 
reasons, and the assembly is driven mainly by the electrostatic attraction between 
the oppositely charged groups. The GICs molecules can be thus visualized as 
polyelectrolyte chains “decorated” with grafts. The applied SCF model cannot 
account for the secondary assembly between the discussed aggregates originating 
from the hydrophobic interactions between the hydrophobic end-groups present in 
copolymer molecules. However, large size disparity between the SCF predictions 
and the sizes found experimentally for GBICs confirm the possible role of the 
hydrophobic end-groups in promoting some concentration dependent secondary 
association. SCF calculations predict that no stable micelles are formed when neutral 
grafts and charged groups are evenly distributed along the backbone of the 
copolymer. 
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 Chapter 7 
On the stability of the polymer brushes, formed upon adsorption of 
Ionomer Complexes on hydrophilic and hydrophobic surfaces 
under flux 
Abstract 
We have studied the effect of shear on the stability and functionality of a brush layer 
formed upon adsorption of Complex Coacervate Core Micelles (C3Ms) and Grafted 
Ionomer Complexes (GICs) on hydrophilic and hydrophobic surfaces. The 
aggregates consist of oppositely charged polyelectrolyte blocks (poly(acrylic acid) 
and poly(N-methyl 2-vinyl pyridinium iodide), and neutral blocks (poly(vinyl alcohol)) 
or the neutral grafts (poly(ethylene oxide)). The strength of the attachment of the 
micellar layers to various substrates as well as their resistance to an applied friction 
were evaluated with Atomic Force Microscopy. Flow cell experiments allowed for 
long-term exposure of the coatings to a lateral flow. Fixed angle optical reflectometry 
was used to quantify the protein (BSA) adsorption on coatings after their exposure to 
a flow. The results show that the adsorbed C3M and GIC layers are relatively weakly 
attached to hydrophobic surfaces and much stronger to hydrophilic surfaces, which 
has a significant impact on their stability. The adsorbed layers maintain their ability to 
suppress protein adsorption on hydrophilic surfaces but not on hydrophobic ones. 
Due to the relatively weak attachment to the hydrophobic surfaces the structure of 
the adsorbed layer may easily be disrupted by the lateral forces, such that the 
complex coacervate - brush structure no longer exists. 
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Introduction 
In a previous study we proposed application of polymeric brushes formed upon 
adsorption of Complex Coacervate Core Micelles (C3Ms) and Grafted Ionomer 
Complexes (GICs) on various substrates as coatings suppressing protein 
adsorption[1-6]. C3Ms and GICs consist of water soluble, oppositely charged 
polyelectrolytes of which at least one contains a neutral block (C3Ms), or neutral 
grafted chains (GICs). The assembly is driven by the electrostatic attraction between 
the charged blocks and the entropy gain from the release of counterions. Upon 
assembly, the charged blocks form a complex coacervate phase limited in growth 
and stabilized by the neutral blocks[7]. In the aggregates formed with linear 
polyelectrolytes the complex coacervate phase forms a core and the neutral chains 
form the corona of the micelle. This core-corona structure is disrupted as the 
architecture of the polyelectrolytes changes from linear to grafted[1]. The micellar 
structure influences the adsorption of the micelles. Adsorption of C3Ms and GICs is 
influenced by the wetting properties of the complex coacervate and thus by the 
micellar composition. For the regular C3Ms van der Burgh and Voets[6,8] proposed 
that upon adsorption on solid-liquid interfaces C3Ms unfold in such a way that the 
complex coacervate core adsorbs directly at the interface and the neutral blocks, 
forming the corona in the C3Ms, are exposed towards the solution creating a 
relatively dense polymer brush. Most probably, a different mechanism applies for 
structures like GICs (Chapter 5 of this thesis). From the perspective of a potential 
application to prevent biofouling it is important that upon adsorption of both structures 
a grafted layer (brush) is formed that significantly suppresses protein adsorption. 
The applicability of the polymer coating is limited by its mechanical stability, in 
particular against shear forces. Several theoretical studies on the effect of shear on a 
polymer brush are available[9-15]. These predict chain tilting and stretching in the 
direction of the shear force. Upon exposure to a sufficiently high shear the polymer 
brush is stretched and the screening of the excluded volume interactions between 
the segments decreases. As a result, the overall osmotic repulsion increases and the 
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brush swells[16]. In a theoretical study Sevick et al[17] showed that the degree of 
brush swelling depends on the curvature of the surface, i.e. brushes on convex 
surfaces swell more than brushes of the same density on a flat surface. One of the 
properties of polymer brushes, making them very interesting for biomedical 
applications, is the significant reduction of the friction between the two surfaces. Klein 
et al.[18] studied shear and lubrication forces between surfaces bearing brushes 
formed upon adsorption of block copolymers. The authors claim that the detection of 
any lateral forces between the two surfaces coated with brushes was not possible 
until the brushes on the two surfaces were strongly compressed. The strong 
lubricating effect is explained by the fact that upon compression the two brushes do 
not interpenetrate and leave is a thin fluid layer between the brushes facilitating 
sliding. At the same time, there is a strong normal repulsion between the two 
surfaces coated with brushes resulting from osmotic interactions. 
Polymer brushes applied in practice are usually chemically grafted to the surface to 
prevent their removal or displacement. However, coatings formed upon adsorption of 
C3Ms and GICs are not chemically grafted to the surfaces. The advantage of the 
brush formation by C3Ms or GICs adsorption is that the coating may be easily 
applied on various surfaces without carrying out laborious and time consuming 
chemical modifications of these surfaces. The disadvantage is that the resulting layer 
is relatively weakly attached to the surface and could be sensitive to lateral forces. 
The objective of this study is to evaluate the mechanical stability of C3Ms and GICs 
coatings on model hydrophilic and hydrophobic surfaces under shear with the focus 
on the functionality of the brushes exposed to stress. Silica was chosen as a model 
hydrophilic surface. Polystyrene and polysulfone were used as model hydrophobic 
surfaces. Polysulfone was chosen as it is commonly used in, for instance, production 
of membranes for water purification. The problem of unwanted adsorption of organic 
molecules is of particular importance in membrane applications[19-24]. 
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Materials and methods 
Polystyrene (Mn=885 kg/mol, PDI=1.08), poly(2-vinyl pyridine)-b-poly(ethylene oxide) 
(P2VP41-b-PEO204, Mn=13.3 kg/mol, PDI=1.05), poly(N-methyl 2-vinyl pyridinium 
iodide) (P2MVPI228, Mn=56 kg/mol, PDI=1.09), poly(2-vinyl pyridine) (P2VP43, 
Mn=4.15 kg/mol, PDI=1.09), poly(acrylic acid) (PAA139, Mn=10 kg/mol, PDI=1.15), and 
poly(acrylic acid)-b-poly(styrene) (PAA270-b-PS41, Mw=23.8 kg/mol) were purchased 
from Polymer Source Inc., Canada. Poly(acrylic acid)-co-poly(acrylate methoxy 
poly(ethylene oxide)) (PAA28-co-PAPEO21, Mn=8.86 kg/mol, PDI=1.4) and 
poly(acrylic acid)-b-poly(vinyl alcohol) (PAA50-65-b-PVA445) were kind gifts from 
Christophe Detrembleur, University of Liège, Belgium. The synthesis and detailed 
characteristics of PAA28-co-PAPEO21 and of PAA50-65-b-PVA445 are described 
elsewhere[25,26]. A high molecular weight polysulfone (UDEL P3500 Resin) was a 
kind gift from AMOCO. Styrene (99%) and iodomethane (99%) were purchased from 
Sigma. 
Bovine serum albumin (BSA), minimum 98% (A7030-10G), 66.4 kg/mol, was 
purchased from Sigma. Silica colloidal probes (R=3 μm) were a kind gift from Philips, 
and polystyrene colloidal probes (R=2.5 μm), were purchased from Bangs Labs. 
Quaternization 
P2VP41-b-PEO204 and P2VP43 were quaternized according to a method described 
elsewhere in Chapters 2 and 4 of this thesis. 
Preparation of C3Ms and GICs in solution 
C3Ms and GICs solutions were prepared by direct mixing aqueous solutions of the 
micellar components, in 10 mM NaCl, at the Preferred Micellar Composition (PMC) 
determined by DLS titrations and zeta potential measurements as described in 
Chapters 2, 3 and 4. The pH of the C3Ms and GICs solutions was adjusted to pH 7 
with 0.1 M NaOH or HCl. The micellar compositions of the systems studied are 
summarized in Table 1. 
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Table 1. The polymer compositions of C3Ms and GICs coatings used in the experiments. For 
each system both components were mixed at the PMC determined in separate 
measurements. 
C3M system Anionic micellar component Cationic micellar component 
C3M-PEO204/PAA139[3] 
C3M-PVA445/P2MVPI228[4] 
GIC-PAPEO22/P2MVPI43[1] 
PAA139 
PAA50-65-b-PVA445 
PAA28-co-PAPEO22 
P2MVPI41-b-PEO204 
P2MVPI228 
P2MVPI43 
 
Preparation of the substrates 
Preparation of silica, polystyrene, and polysulfone surfaces is described in Chapters 
2 and 3 of this thesis. 
Colloidal probe Atomic Force Microscopy (AFM) 
Normal force and friction measurements were performed with a Nanoscope III AFM 
(Digital Instruments, Veeco Metrology Group), equipped with a PicoForce scanner, 
Nicon microscope, and CCD camera (Philips C25 560). We used standard Veeco 
silicon nitride contact mode cantilevers with a spring constant in the range of 0.07–
0.12 N/m, to which the colloidal probes were glued. The exact value of the spring 
constant for cantilever with the probe was determined separately for each cantilever 
applying the thermal tuning method[27]. The cantilever deflection data were 
converted into interaction forces applying Hooke’s law: 
zkF Δ×=            Eq. 1 
where k is the cantilever spring constant and ∆z is the piezo movement. 
Friction forces were obtained by imaging in contact mode at a scan rate of 1 Hz. The 
scan size was set to 1 μm × 1 μm. The resulting images were analyzed with WSxM 
software. A histogram of the friction signal was calculated using the complete 
scanned area. The most frequent friction value was used in further analysis. The 
results are reported as a friction factor, i.e. the ratio of friction between a coated 
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substrate and a silica (glass) colloidal probe (Fc) to friction between a bare substrate 
and the colloidal probe (Fb): Fc / Fb. 
Preparation of surfaces for AFM measurements 
In this study we investigate normal forces and friction forces between a colloidal 
probe, and adsorbed complex coacervate layers or micellar layers. The strength of 
the interactions between the complex coacervate layer and the probe, mimicking the 
substrate with respect to charge and hydrophobicity, allows assessing strength of the 
attachment of the micellar layer to these substrates. The assumption is made that the 
micellar adsorption follows the mechanism mentioned above. The strength of 
interaction between the colloidal probe and the micellar coating (the brush) allows 
assessing how well these coatings screen the properties of the bare surfaces, i.e. 
charge and hydrophobicity. An effective screening of the surface charge allows for 
elimination of the electrostatic interactions between the surface and the probe. By 
increasing the surface hydrophilicity, the hydrophobic interactions are reduced. 
To measure the interactions between the bare colloidal probe and the complex 
coacervate layer care must be taken that upon the first contact between the sample 
and the probe the complex coacervate layer is not (partially) transferred to the 
surface of bare colloidal probe. In such case, interactions between two complex 
coacervate layers would be measured. Thus, the complex coacervate layer must be 
fixed to the substrate. This was done according to the following procedure. First, a 
dense PAA brush was formed on the polystyrene substrate by Langmuir-Blodgett 
transfer of PAA270-b-PS41 at constant surface pressure with the density set to 5 nm2 
per polymer chain, as described elsewhere[28]. The transfer was done at pH 4 to 
lower the degree of PAA dissociation, and to ensure high density of the transferred 
brush. The quality of the transfer was judged by the change of the substrate 
hydrophobicity. After the transfer the sample was placed in an oven at 150°C for 5 
minutes to anchor the PS block inside the polystyrene layer. After cooling down to 
room temperature the sample was rinsed with MilliQ water, pH 4, and immersed into 
a P2MVPI43 solution in MilliQ water (5.9 g/l), pH 4 for several hours to allow 
saturation of the PAA brush with the oppositely charged polyelectrolyte. After gentle 
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rinsing with MilliQ water, pH 4, the sample was rinsed several times with 10 mM NaCl 
solution, pH 7. Prior to the measurement, samples were equilibrated in 10 mM NaCl, 
pH 7. The formed complex coacervate layer, mimicking a complex coacervate core, 
should be also electrically neutral, as C3Ms and GICs are formed at stoichiometric 
charge ratio[7]. Hence, the adsorption of P2MVPI43 within the PAA brush was carried 
out at pH 4 to lower the dissociation of PAA and to avoid formation of an overcharged 
polyelectrolyte bilayer at pH 7. 
The C3M and GIC coatings were prepared by a dipping procedure. The substrate 
was immersed into a C3Ms or GICs solution in 10 mM NaCl, pH 7, for 30 min. 
Subsequently, the sample was transferred to the pure solvent (10 mM NaCl) for 30 
min. The rinsing step was repeated 3 times, to ensure removal of any loosely 
attached aggregates. Coating with micelles was done directly before each AFM 
experiment. 
Experimental procedure 
Prior to the measurements the coated substrate pre-wetted with solvent (10 mM 
NaCl, pH 7), and a cleaned cantilever with glued colloidal probe were all enclosed in 
a liquid cell (volume of approximately 0.25 ml), sealed with a teflon ring. 
Subsequently, the cell was slowly filled up with the solvent and left to equilibrate for 
at least 20 minutes. Normal force curves were measured using a scan range of 500-
1000 nm, at 1 Hz. For each sample at least 60 force curves were recorded. The 
contact mode images were recorded for at least three replicates of each sample, for 
normal load on the cantilever increasing from 0 to 8 V corresponding to a normal 
force ranging from 0 to 350 kN/m2. At the end of each friction experiment the quality 
of the cantilever and the probe was inspected with an optical microscope. All AFM 
measurements were carried out at room temperature. 
Reflectometry 
BSA adsorption on coated surfaces was studied with a fixed angle optical 
reflectometer, described in detail elsewhere[29]. Changes in signal measured upon 
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adsorption can be related to the adsorbed amount, Γ [mg/m2], provided the thickness 
and refractive index of the optical spacer (top substrate layer), and refractive index 
increment (dn/dc) of the solution from which adsorption takes place are known, 
according to the expression: 
0S
SQf
Δ
×=Γ           Eq. 2 
where Qf is a sensitivity factor [mg/m2], S0 is an initial (baseline) signal, and ΔS=S-S0 
is the change in the signal upon adsorption on the surface. For each measurement Qf 
was calculated with “Prof. Huygens” 1.2b (Dullware Software), using refractive index 
increments determined in separate measurements (Chapters 2, 3, and 5 of this 
thesis). 
Aqueous solutions of polymers and proteins were prepared before each 
measurement by dissolution in MilliQ water containing the required amount of salt 
(NaCl). The pH was adjusted to pH=7.0±0.1 with 1 M or 0.1 M NaOH, or HCl. 
Aqueous solutions of C3Ms and GICs were prepared at least one day before the 
measurement to ensure full equilibration. Concentrations of BSA, C3Ms, and GICs in 
solutions were 0.1 g/l. 
At the beginning of each experiment a coated surface placed in the reflectometer cell 
was rinsed with solvent to establish the baseline signal, S0. Subsequently, the BSA 
solution was introduced into the cell. Its adsorption was followed until a plateau was 
reached, followed by rinsing with solvent until a new plateau was obtained. All 
reported values were calculated based on amounts of BSA that remained adsorbed 
on the surface after rinsing with solvent, unless mentioned otherwise. 
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Table 2. Values of dn/dc (in cm3/g) used for calculations. “buffer” stands for 50 mM 
phosphate buffer, “salt” stands for 10 mM NaCl. 
Compound Solvent dn/dc 
Proteins: 
BSA[3] 
C3Ms: 
C3M-PEO204/PAA139[3] 
C3M-PVA445/P2MVPI228[4] 
GIC-PAPEO22/P2MVPI43[1]
 
buffer 
 
buffer 
salt 
salt 
 
0.204 
 
0.190 
0.158 
0.167
 
Flow cell experiments 
The flow cell experiments were carried out to determine the effect of shear on the 
functionality of the polymer brush, i.e. on the suppression of protein adsorption. 
Preparation of surfaces for the flow cell experiments 
For each measurement nine surfaces were prepared: five surfaces to be placed in 
the flow cells and four control surfaces. The control surfaces and four surfaces to be 
placed in the flow cells were coated with C3Ms or GICs, and one remained uncoated 
(a cell blank). The coating procedure was similar as for AFM samples and consisted 
of three steps: first, each substrate was immersed in 5 ml C3Ms / GICs solution in 
10 mM NaCl, 0.1 g/l, pH 7 for 30 minutes. Subsequently, each surface was 
transferred to the vial containing 5 ml 10 mM NaCl, pH 7, for 30 minutes. The rinsing 
step was repeated twice. The uncoated surface was immersed in 10 mM NaCl, pH 7, 
for 90 minutes. 
Experimental setup 
During the experiments C3M and GIC coatings were exposed to a shear force due to 
a flow of the rinsing medium along the surface. The rinsing medium was 10 mM NaCl 
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solution, pH 7, and contained 10 mg/l of NaN3. Sodium azide was added to the 
medium to prevent bacterial growth, in particular during the long term experiments. In 
separate experiments we determined that NaN3 has no effect on the adsorbed 
coating (data not shown). 
A schematic representation of the experimental setup, operating as a closed system, 
is shown in Figure 1. 
The flow of the rinsing medium (a) was controlled with a peristaltic pump (b) 
(Masterflex, Cole-Parmer Instrument Company). Prior to the experiments the pump 
was calibrated. The measurements were carried out at approximately 108 ml/min per 
flow cell (d), corresponding to stress at the wall (Eq. 6) of 0.043 N/m2. The 
compensation tank (c) ensured a flow at constant velocity through the cells. The 
coating material detached from the surfaces placed in the flow cells, was adsorbed 
from the rinsing medium by a column filled with a silica bed (e). Any material 
released from the column is collected on a glass filter (f). Reference measurements 
in the absence of a flow were carried out by storing the coated samples in closed, 
sterile vials for a given period of time. This reference was necessary to determine the 
influence of the coating procedure and the storage time on the stability of the 
adsorbed layer. 
 
Figure 3. Schematic representation of the experimental setup. Elements: a – a storage 
container with a rinsing medium, b – peristaltic pump, c – a compensation tank, d – flow cells 
(width × length × height: 6 × 36 × 7 mm3), e – a column with a silica bed, f – glass filter. 
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Measurements were carried out at room temperature, in a laminar flow regime, 
Re=308 (Eq. 3). The Reynolds number (Re) for the flow through the rectangular 
channel was calculated as: 
A
DQ
×
××
=
η
ρRe           Eq. 3 
where ρ is the density of water [kg/m3], Q is a volumetric flow [m3/s], A is a channel 
cross-section area [m2], η is a viscosity of the flowing medium [kg/(m*s)], and D is a 
hydraulic diameter of a rectangular channel [m], calculated as: 
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×
=        Eq. 4 
where w and h are the width and the height of the channel, respectively. After 
substitution to Eq. 3: 
)(
2Re
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Q
+×
××
=
η
ρ
          Eq. 5 
The stress at the wall of the channel [kg/(m*s2)] was calculated as follows: 
2
2
2 A
Qfw
×
×
×=
ρ
τ           Eq. 6 
where f is the Fanning friction factor for the rectangular channel: 
Re
227.14
=f            Eq. 7 
The time of exposure to the flow varied from 0 to 168 hours. At the beginning of each 
experiment four coated surfaces and one uncoated (blank) surface were placed in 
the flow cells. The surfaces were subsequently covered with a thin film of the rinsing 
medium to protect the coating from the shear exerted by passing an air bubble during 
the launch of the experiment, and the cells were closed. After the flow was started, 
and the air bubbles were removed from the system the cells were connected to the 
tubes, and the system was closed. Each experiment was done in duplicate. The 
surfaces from each experiment were analyzed with fixed angle optical reflectometry 
as follows: two control surfaces were exposed to 0.1 g/l BSA solution in 10 mM NaCl, 
pH 7, and 2 to 0.1 g/l C3Ms (GICs) solution in 10 mM NaCl, pH 7 in order to 
determine the quality of the coating before its exposure to the flow. Similarly, two 
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surfaces removed from the flow cells at the end of each experiment were exposed to 
0.1 g/l BSA solution in 10 mM NaCl, pH 7, and 2 to 0.1 g/l C3Ms (GICs) solution in 
10 mM NaCl, pH 7. The blanks (one from each duplicate) were also exposed to the 
BSA and C3Ms (GICs) solution. Adsorption on the blanks was compared to 
adsorption on bare surfaces in order to determine any contamination of the surfaces 
during the flow of the rinsing medium. The parameters determining the quality of the 
coating were the reduction of BSA adsorption by the applied coating, and the amount 
of coating re-adsorbed on the coated surfaces. The reduction of BSA adsorption on 
coatings exposed to stress was compared to reduction of BSA adsorption by a given 
coating determined in the absence of stress, with fixed angle optical 
reflectometry[1,2]. 
Results and discussion 
AFM study 
Interactions between the complex coacervate layer, and hydrophilic and hydrophobic 
substrates 
To estimate the strength of the attachment of GICs and C3Ms to hydrophilic and 
hydrophobic surfaces we measured normal forces between a complex coacervate 
layer consisting of PAA and P2MVPI, present in all aggregates discussed in this 
study, and hydrophilic silica or hydrophobic polystyrene. Assuming an adsorption 
model for these aggregates as proposed by van der Burgh et al. and Voets et al.[6,8] 
the complex coacervate phase acts as an anchor for the neutral corona chains 
forming a brush on the surface. To further assess the mobility of the complex 
coacervate layer on these surfaces we measured the friction between a pristine 
complex coacervate and bare hydrophilic and hydrophobic surfaces. Relatively weak 
forces measured between the complex coacervate layer and the substrate as well as 
low friction between them suggests that the complex coacervate layer may easily 
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move along the surface and, as a consequence, the adsorbed micellar layer may 
have some “self-healing” properties. 
Figure 2 shows that there is a weak repulsion measured upon approaching a silica 
probe and a complex coacervate layer. When separating the surfaces, an attractive 
force is measured. Attractive forces are much weaker than forces needed to separate 
ion pairs on charged polymers[30] or to break covalent bonds[31]. Therefore, the 
complex coacervate layer is not detached from the bottom surface upon separation. 
Instead, the attraction is the result of wetting of a silica probe by a complex 
coacervate layer. This attractive force corresponds to the force needed for 
attachment of complex coacervate cores to a surface upon adsorption of C3Ms. 
Results shown in Figure 2 indicate that the strength of the interaction between the 
complex coacervate layer and silica slightly increases with increasing contact time 
(Figure 2, right panel). However, for a long contact time the differences between 
replicates also increase. The force distance profiles (Figure 2, left panel) show a 
weak repulsion between the complex coacervate layer and the probe. This may be a 
weak electrostatic repulsion suggesting that the formed complex coacervate layer is 
most probably weakly negatively charged, or hydration repulsion from the 
compression of the adsorbed complex coacervate layer. Hydration repulsion is 
measured between two hydrated surfaces and is attributed to the energy required to 
remove the hydration water from the surface[32]. Despite the proposed explanations 
their origin remains unclear[33-35]. Hydration forces are relatively short range and 
tend to be stronger and longer range as the salt concentration increases. Upon 
retraction some long range adhesion forces between the silica probe and the 
complex coacervate layer are observed. In aqueous environment these may consist 
of electrostatic attraction, dependent on the electrolyte concentration, and van der 
Waals forces. In our experimental systems the electrostatic part of this attraction may 
originate from pulling a positively charged P2MVPI43 chain out from the complex 
coacervate-like layer by the negatively charged silica probe. In this case, attraction 
between the oppositely charged polyelectrolytes is measured rather than wetting of 
the bare probe with the (neutral) complex coacervate-like layer. Surface roughness 
also has a significant effect on the adhesion forces. It reduces the adhesion forces 
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and results in significant spatial variation. However, it was reported that on soft 
surfaces adhesion may increase with increasing roughness provided that the 
deformation is so large that an intimate contact between the surfaces is formed. As a 
result, the contact area increases, and hence the adhesion[32]. The extent and the 
magnitude of observed adhesion forces differ between the three replicates (60-240 
nm, 4-13 nN) indicating that the formation of the complex coacervate layers as 
described previously is not fully reproducible, most probably due to imperfect 
Langmuir-Blodgett transfer[36]. As a consequence some of the layers may not be 
electrically neutral. 
As may be seen in Figure 3, interactions between a complex coacervate layer and a 
polystyrene probe are much weaker than those observed for a silica probe. A very 
weak repulsion is observed for distances shorter than 30 nm. The long range 
attraction observed between the complex coacervate-like layer and the silica probe is 
not observed for the complex coacervate layer and the polystyrene probe (Figure 3, 
left panel). 
 
  
Figure 2. Results of AFM measurements: change of the strength of interaction between a 
complex coacervate layer, consisting of PAA and P2MVPI and a silica probe with contact 
time (right), upon retraction. The error bars indicate differences between the sample replicas. 
An example of force curves recorded for three replicates, at 0 s contact time (left). Close 
symbols are approach curves, open symbols are retraction curves. 
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Figure 3. Results of AFM measurements: change of the strength of interactions between a 
complex coacervate layer, consisting of PAA and P2MVPI, and a polystyrene probe with 
contact time (right), measured upon retraction. The error bars indicate differences between 
the sample replicas. An example of force curves recorded for three sample replicates, at 0 s 
contact time (left). Close symbols are approach curves, open symbols are retraction curve. 
Adsorption of the complex coacervate layer on solid-liquid interface is driven mainly 
by the insolubility of the complex coacervate, and may be enhanced by additional 
interactions with the interface, i.e. electrostatic or hydrophobic. In the absence of 
these the complex coacervate layer is expected to be mobile at the interface in 
response to the applied lateral force. Discussed results indicate that the interaction 
between the C3M layer, adsorbed according to the discussed mechanism, and the 
hydrophilic surface is stronger than between C3M layer and hydrophobic surfaces. 
Thus, one may expect that the coating is more mobile on hydrophobic surfaces. The 
mobility of GICs containing PAA28-co-PAPEO22 copolymer on the hydrophobic 
surfaces may be restricted as this copolymer contains a hydrophobic end-group 
(C12H25)[1] that may strengthen the attachment of the GICs to hydrophobic surfaces. 
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Figure 4. Friction factors measured between a grafted complex coacervate layer and a silica 
(a), and a polystyrene (b) probe to the friction force measured between bare polystyrene and 
bare silica (a) and polystyrene (b) probes. Measurements were carried out at 10 mM NaCl, 
pH 7. The error bars indicate differences between the sample replicas. 
In friction experiments, we determined the friction forces for a coated (Fc) and a bare 
(Fb) substrate, at the same loads. Results presented in Figure 4 show that the Fc / Fb 
ratio for the friction between the complex coacervate layer and the silica probe does 
not change, within experimental error, with the applied load. For measurements 
between the complex coacervate layer and polystyrene, this ratio increases with 
increasing load. However, the differences between the replicates increase 
significantly, resulting in an increasing uncertainty of the measured values. The low 
Fc / Fb ratio for both systems suggests that the complex coacervate layer is not 
removed from the interface under applied stress. 
Interactions between adsorbed C3M and GIC layers and a hydrophilic (silica) probe 
The strength of interaction between C3M and GIC layers on hydrophilic and 
hydrophobic surfaces, and a colloidal silica probe were measured as well. The 
normal force measurements between the coated substrates and the colloidal probe 
are strongly influenced by the properties of the coating. Adsorbed C3M and GIC 
layers are soft, elastic, and highly hydrated. Moreover, the coatings are not 
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chemically grafted to the substrates, which may result in unintended transfer of part 
of the coating or one of its components from the surface to the colloidal probe. In 
such a situation the measured interactions correspond to forces acting between two 
(partly) coated surfaces rather than between the coating and the bare probe surface. 
The measured forces are then compared with the forces measured between the bare 
surfaces and the colloidal probe (Figures 5 and 9) to determine how effectively the 
adsorbed coating screens the properties (e.g. charge, hydrophobicity) of the native 
surfaces. Examples of the measured force curves are shown in Figures 6-9. A 
summary of the maximal attractive between different surfaces is given in Figure 5. 
Coating of a hydrophilic silica surface with C3Ms and GICs results in an increase of 
the strength and of the range of long range attraction forces when compared with the 
forces measured between the surface and bare silica probe (Figures 5a, 6a, 7a, 8a, 
and 9a). The strongest attraction was measured on silica coated with 
C3M-PVA445/P2MVPI228. Coating the hydrophobic surfaces (polysulfone and 
polystyrene) with C3Ms and GICs results in decrease of the strength and of the 
range of attraction forces measured between the surface and the colloidal probe 
(Figures 5b, 6b, 7b, 8b, 9b) when compared with the forces measured between the 
bare surfaces and the colloidal probe. On polysulfone the weakest attraction forces 
where measured on C3M-PVA445/P2MVPI228 coating. 
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Figure 4. Summary of the forces measured between a hydrophilic silica substrate coated with 
C3Ms or GICs, and a colloidal silica probe (left), and between hydrophobic substrates coated 
with C3Ms or GICs, and a colloidal polystyrene probe (right) upon retraction. For comparison 
forces measured between bare substrates and colloidal silica probes are also shown. In 
figures: PSl: bare polysulfone surface, PS: bare polystyrene surface, C3M 1: 
C3M-PEO204/PAA139, C3M 2: C3M-PVA445/P2MVPI228, GIC: GIC-PAPEO22/P2MVPI43. 
Measurements were carried out in 10 mM NaCl, pH 7. The error bars indicate differences 
between the sample replicas. 
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Figure 6. Force curves measured between silica (a) and polystyrene (b) substrates coated with 
C3M-PEO204/PAA139 and a silica probe at 10 mM NaCl, pH 7. Closed symbols correspond to approach 
and open to retraction. In each figure, the curves correspond to separate substrates. 
  
Figure 7. Force curves measured between silica (a) and polysulfone (b) substrates coated with 
C3M-PVA445/P2MVPI228, and a silica probe at 10 mM NaCl, pH 7. Closed symbols correspond to 
approach and open to retraction. In each figure, the curves correspond to separate substrates. 
  
Figure 8. Force curves measured between silica (a) and polysulfone (b) substrates coated with 
GIC-PAPEO22/P2MVPI43, and a silica probe at 10 mM NaCl, pH 7. Closed symbols correspond to 
approach and open to retraction. In each figure, the curves correspond to separate substrates. 
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Influence of friction on micellar coatings 
Friction between layers of C3Ms and GICs and a medium flowing along the coating 
was mimicked by lateral movement of a hydrophilic (silica) colloidal probe along the 
coated surface. An increasing shear was achieved by increasing the normal load on 
the probe during the friction measurements. The results are compared with frictions 
between the silica probe and bare hydrophilic (silica), and hydrophobic (polystyrene 
and polysulfone) surfaces, and reported as a ratio of the shear measured on the 
coated surface to the force measured on the bare surface (Fc / Fb) in Figures 10-12. 
We expect that if the coating is mechanically removed from the surface the ratio 
Fc / Fb approaches unity. 
The friction between solid substrates, like silica[37], increases with the applied load 
(Amonton’s–like behaviour). A similar behaviour is expected for the friction measured 
between the silica and the polymer substrate, like polystyrene[38,39] or polysulfone. 
However, on this type of surfaces a nanowear of the polymer coating may be a 
serious problem. The adsorbed polymer brush is known to have lubrication 
properties[40-43], and hence it is expected that the adsorbed C3M and GIC layers 
protect the surfaces against abrasion and wear. 
 
 
Figure 9. Examples of force curves measured between a silica substrate (a), a polystyrene 
substrate (b), a polysulfone substrate (c), and a colloidal silica probe. Measurements were 
performed at 10 mM NaCl, pH 7. Closed symbols correspond to the approach and open to 
the retract part of the force curve. In each figure, the curves correspond to separate 
substrates. 
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The ratio of the friction forces (Fc / Fb) measured between silica coated with 
C3M-PEO240/PAA139 and bare silica is very low (Figure 10), and does not change 
upon increasing the load. This is an indication of the lubrication properties of the C3M 
layer adsorbed on silica. The Fc / Fb ratio determined for the same layer adsorbed on 
the polystyrene substrate increases with increasing load. However, the differences 
between the replicas increase with increasing load resulting in a big uncertainty in the 
measurements. The results shown in Figure 10b indicate that the 
C3M-PEO204/PAA139 coating on polystyrene is very unstable and the quantitative 
discussion of these results is not (so) meaningful. The negative values in Figure 10b 
may be an artifact resulting for the opposite signs of the signals recorded during the 
“trace” and “retrace” directions during the surface scans, as well as very low forces 
not allowing for an accurate measurement. 
A GIC-PAPEO22/P2MVPI43 coating on silica remains stable over a wide range of 
applied loads (Figure 11a). On polysulfone, the ratio Fc / Fb increases with increasing 
load indicating wearing of the coating (Figure 11b). An even higher increase of the 
Fc / Fb ratio with increasing load is measured for C3M-PVA445/P2MVPI228 coating on 
silica (Figure 12a). On polysulfone the C3M-PVA445/P2MVPI228 remains stable up to 
high loads (Figure 12b). The stability of this C3M layer on polysulfone may be 
explained by the high affinity of the poly(vinyl alcohol) to hydrophobic surfaces[44-
47]. We believe that C3M-PVA445/P2MVPI228 most probably does not unfold upon 
adsorption on a hydrophobic substrate, but rather adsorb via the PVA corona chains. 
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Figure 10. Friction factors measured between silica (a) and polystyrene (b) surfaces coated 
with a C3M-PEO204/PAA139 layer and a silica probe to the friction force measured between 
bare polystyrene and the silica probe. Measurements were carried out at 10 mM NaCl, pH 7. 
The error bars indicate differences between the sample replicas. 
 
  
Figure 11. Friction factors measured between silica (a) and polysulfone (b) surfaces coated 
with a GIC-PAPEO22/P2MVPI43 layer and a silica probe to the friction force measured 
between bare polysulfone and a silica probe. Measurements were carried out at 10 mM 
NaCl, pH 7. The error bars indicate differences between the sample replicas. 
Chapter 7 
  191
  
Figure 12. Friction factors measured between silica (a) and polysulfone (b) surfaces coated 
with a C3M-PVA445/P2MVPI228 layer and a silica probe to the friction force measured 
between bare polysulfone and a silica probe. Measurements were carried out at 10 mM 
NaCl, pH 7. The error bars indicate differences between the sample replicas. 
Flow cell experiments 
To determine the effect of long-term mechanical stress on the functionality of C3M 
and GIC coatings with respect to the reduction of protein adsorption we exposed the 
coatings to a flow under the conditions described above. After a certain period of 
exposure, the stressed coating was tested for its ability to suppress adsorption of 
BSA. The experimental results are shown in Figure 13. Reduction of protein 
adsorption by C3M coatings prepared by dipping the substrate in a 
C3M-PEO204/PAA139 solution and subsequently in pure solvent, is lower than the 
reduction determined with a well controlled reflectometry study, marked with the solid 
line in Figures 13a and 13b[3]. 
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Figure 13. Reduction of BSA adsorption by C3M-PEO204/PAA139 coating on silica (a) and 
polystyrene (b) exposed to the shear. Solid line without symbols represents the reference 
protein adsorption as determined by control reflectometry experiments described in details in 
Chapter 2. The error bars indicate differences between the sample replicas. 
The main difference between the experimental conditions is pulling the surface 
through the air-liquid interface during the dipping procedure, which may disturb the 
adsorbed C3M layer, in particular on hydrophobic substrates. The results in 
Figure 13 show that on silica suppression of protein adsorption by this coating 
decreases with increasing time of the exposure to stress. The reduction of protein 
adsorption under no flow (no shear) conditions remains higher and tends to decrease 
slower as indicated by the dashed lines. As shown in Figure 13b the coating applied 
by the dipping procedure results in an enhanced adsorption on a hydrophobic 
surface, indicating the loss of the functional structure (i.e. there is no brush layer) due 
to pulling through the air-liquid interface. The observed increase in the trend (dashed 
lines) most probably results from the random and heterogeneous polymer layer 
remaining on the surface. These results are in agreement with the AFM results 
discussed above. We have shown that the interaction between the complex 
coacervate layer and hydrophobic polystyrene is much weaker than between the 
complex coacervate layer and hydrophilic silica. Also, the friction between the 
complex coacervate layer and the hydrophobic surfaces is much lower than between 
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the complex coacervate layer and hydrophilic silica indicating that on polysulfone the 
adsorbed GIC layer is mobile and can be disturbed or removed from the surface by a 
sufficiently strong force, for instance, exerted by passing air-water interface. 
Significantly, enhanced BSA adsorption on the stressed surfaces (even higher than 
on bare polystyrene[3]) indicates that in the remaining layer the positively charged 
P2MVPI41 block is exposed towards the solution and BSA is electrostatically attracted 
to the surface. Results shown in Figure 14 indicate that the C3M layer is not entirely 
removed from the silica surface. The amount of micelles that can be re-adsorbed on 
the surface not exposed to shear is, for longer exposure time (>72 hrs), 
approximately 10% of the mass of C3Ms initially adsorbed on the bare surface (solid 
line in Figure 14a). The re-adsorbed amount is higher on surfaces exposed to shear 
and is approximately 64% for longer exposure time (>24 hrs). Despite the partial 
removal of the C3M layer, the surface remains protein resistant. On polystyrene, 
regardless the flow, the re-adsorbed amount of C3Ms is higher than the amount 
initially adsorbed on the bare polystyrene (solid line in Figure 14b). These results 
may suggest that there is an additional (electrostatic) attraction between the residual 
polymer layer and the C3Ms allowing for such high adsorption of C3Ms. 
Similar experiments were carried out for GIC coatings having a different molecular 
structure, and hence different behaviour upon adsorption on solid-liquid interfaces 
(Chapter 5 of this thesis), than the regular C3Ms. However, the complex coacervate 
layer still plays a role as an anchor of the PEO brush to the surface. 
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Figure 14. Re-adsorption of C3M-PEO204/PAA139 on silica (a) and polystyrene (b) pre-coated 
with C3M-PEO204/PAA139 and exposed to shear. Solid line without symbols represents the 
amount of C3Ms adsorbed on the bare surface as determined with reflectometry 
measurements[3]. The error bars indicate differences between the sample replicas. 
Reduction of protein adsorption by GIC coatings prepared by dipping the substrate in 
a GICs solution, and subsequently in pure solvent, is lower than the reduction 
determined with reflectometry[1], and marked with the solid line in Figures 15a and 
15b. The results show that, within the experimental error, on silica under no flow (no 
shear) conditions, suppression of protein adsorption by this coating is not reduced as 
the time of exposure to the stress increases. The slight increase observed in Figure 
15a may result from the variation of the coating quality due to the preparation and 
handling. The reduction of BSA adsorption by a coating exposed to shear decreases 
in time. As shown in Figure 15b the coating on polysulfone prepared by the dipping 
procedure even enhances protein adsorption, indicating that it loses its structure (i.e. 
there is no brush layer) and, hence, its functionality, due to pulling through the air-
liquid interface. Apparently, the additional hydrophobic interactions originating from 
the presence of the hydrophobic end-group (C12H25) in the grafted copolymer 
molecule does not contribute to the stability of this coating on the hydrophobic 
surface. This is in agreement with the discussion presented in Chapter 6 of this 
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thesis where we concluded that the hydrophobic end-group of the grafted copolymer 
in GICs is hidden within PEO layer and is not accessible for steric reasons. 
 
  
Figure 15. Reduction of BSA adsorption by GIC-PAPEO22/P2MVPI43 coating on silica (a) and 
polysulfone (b) exposed to shear. Solid line without symbols represents the reference protein 
adsorption as determined in control reflectometry experiments described in detail 
elsewhere[1]. Dashed lines show linear fits to the experimental data. The error bars indicate 
differences between the sample replicas. 
The amounts of re-adsorbed GIC-PAPEO22/P2MVPI43 on silica and polysulfone are 
comparable to the amounts of GICs adsorbed on bare surfaces (solid lines in Figures 
16a and 16b) suggesting that the coating was removed from both surfaces. However, 
the results in Figure 15a clearly indicate that the layer remaining on silica still rather 
effectively suppresses BSA adsorption. The same layer on polysulfone has lost its 
functionality. Hence, we conclude that the GIC layer is not entirely removed from the 
surface upon exposure to shear, but its structure changes so that it attracts BSA, 
most probably due to electrostatics, and enhances the adsorption on GICs. However, 
the structure of the layers remaining on both surfaces after exposure to shear differs 
significantly. 
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Figure 16. Re-adsorption of GIC-PAPEO22/P2MVPI43 on silica (a) and polysulfone (b) pre-
coated with GIC-PAPEO22/P2MVPI43 and exposed to shear. Solid line without symbols 
represents the amount of GICs adsorbed on bare surfaces as determined with reflectometry 
measurements[1]. The error bars indicate differences between the sample replicas. 
Conclusions 
We have investigated the influence of shear on the stability and performance of C3M 
and GIC layers on hydrophilic (silica) and hydrophobic (polystyrene and polysulfone) 
surfaces. We applied Atomic Force Microscopy (AFM) to evaluate the strength of 
attachment of the complex coacervate layer to hydrophilic and hydrophobic surfaces. 
We conclude that the interaction is stronger between the complex coacervate layer 
and silica than between the complex coacervate and polystyrene, most probably due 
to differences in the wetting properties of the complex coacervate on these surfaces. 
This has a consequence for the stability of the adsorbed C3M / GIC layers as the 
complex coacervate layer anchors the polymer brush formed upon adsorption of 
C3Ms on the surface. Measurements of the normal forces show that, in general, 
adsorbed C3M and GIC layers lower the attraction between the surface and the 
hydrophilic probe. Friction between the coated surfaces and the colloidal probe 
remains low also under relatively high normal loads, indicating that the adsorbed 
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micellar layers are relatively mobile and have lubricating properties. The mobility of 
the adsorbed micelles may contribute to the self-healing properties of the coating, but 
we have not studied this phenomenon in detail. Flow cell experiments allow 
evaluating the functionality of the adsorbed C3M and GIC layers after their exposure 
to flow (shear). These experiments were carried out under much lower loads than the 
AFM friction measurements. The combined results of the AFM and the flow cell study 
reveal that upon shear the micellar layer is not removed from the surface but its 
structure may be disturbed, i.e. there is no distinct complex coacervate-brush 
structure left. The change in the layer structure was also confirmed by the fact that a 
significant amount of the C3Ms and GICs may be re-adsorbed on surfaces that were 
exposed to shear. Normally, the dense brush layer should prevent adsorption of the 
excess material. We observed that the brushes formed upon adsorption of C3Ms and 
GICs on hydrophilic silica maintain their ability to suppress BSA adsorption even after 
being exposed to shear for several days. On hydrophobic surfaces, suppression of 
protein adsorption was not maintained. Moreover, it seems that the structure of the 
layer adsorbed on the hydrophobic surfaces is disrupted already during the coating 
procedure (dipping). It may be possible to improve the performance of the adsorbed 
micellar layer on hydrophobic surfaces by changing the composition of the micelles 
so as they have a more hydrophobic core, i.e. the micellar composition should be 
matched to the properties of the coated surface. However, a more significant 
improvement is expected for brushes that are covalently grafted to the surface. 
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The work presented in this thesis was carried out in the framework of the Biofouling 
team within Wetsus, centre of excellence for sustainable water technology, in 
Leeuwarden, The Netherlands. The main objective of the Biofouling team is to find a 
solution for biofouling problems in ultra filtration (UF), nanofiltration (NF), and reverse 
osmosis (RO) drinking water purification membrane installations. 
As indicated in the introduction to this thesis, at present the main solution to the 
biofouling problem is application of rigorous cleaning and disinfecting procedures. 
The cleaning procedures are not effective as once a biofilm is detached from the 
surface; the biofilm “debris” are not removed from the space between the 
membranes. The chemical disinfection with biocides or other chemicals is not 
effective as the biofilm is not easily penetrated by the applied chemicals, so that part 
of it remains biologically active. Both situations lead to biofilm re-growth. Therefore, 
measures must be taken to prevent development of a biofilm on the membrane 
surface. 
The main objective of this work was to develop a surface coating that can suppress 
or control biofilm formation by lowering the affinity of the biological material to the 
polymeric (membrane) surfaces. Such coatings should be easily applicable on 
presently used membrane materials and in already existing installations, and should 
be easy to renew when necessary. The biofilm formation begins with the adsorption 
of small organic molecules, like proteins, on the surface, followed by bacterial 
adhesion and growth. It was shown that in a membrane module, biofilm development 
starts with accumulation of organic material in the corners of the spacer, i.e. in the 
area with the lowest flow rate[1]. Thus, the modification making the surface less 
susceptible to bacterial attachment and growth should include both the membrane 
and the spacer. Biofouling is a very complex problem with many unknowns. 
Therefore, in this work we focused on a model foulant – a protein molecule. 
What drew the attention to the application of Complex Coacervate Core Micelles 
(C3Ms) as antifouling surface coatings was the ease of their formation and 
application. The main features of C3Ms that made them good candidates for this 
application were: (i) a simple mechanism of C3M formation (electrostatic attraction) 
(ii) a tunable chemical composition (iii) all constituting components are (in principle) 
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hydrophilic (iv) spontaneous adsorption on solid surfaces regardless of their 
physicochemical properties (v) sensitivity to environmental triggers, like change in 
salinity or pH. The latter two features are of particular importance in systems with 
confined spaces, as in spire wound membrane modules, because the surfaces may 
be coated by simple rinsing with the micellar solution, and the worn-out coating could 
be removed upon performing a of regular membrane cleaning at elevated/lowered 
pH. Depending on the characteristics of the surface and the wetting properties of the 
complex coacervate phase, micelles adsorb on surfaces forming a complex 
coacervate-brush layer structure. The polymer brush is applied on the surface in 
order to create a kinetic barrier for deposition of the protein directly on the surface 
(primary adsorption). The application of C3Ms allows bypassing laborious and time 
consuming procedures normally applied when polymer brushes are formed on 
surfaces (“grafting from” and “grafting to“ methods). Formation of a brush upon 
adsorption of C3Ms may be considered as an alternative to the “grafting to“ method. 
As it has been indicated in the introduction, the main problem upon formation of a 
functional polymeric brush is to obtain a sufficient grafting density and a thickness. 
During the “grafting to” procedure the density of the brush might be hampered by the 
steric repulsion between the already adsorbed chains. Application of C3Ms partly 
solves this problem because, prior to the adsorption, brush-forming chains are 
assembled in a micelle and adsorb on the surface simultaneously. We have shown 
that the density of the neutral polymer chains on the surface may be further 
increased when micelles are formed with grafted copolymers (Chapters 4 and 5). The 
thickness of the brush may be increased if it is formed with longer polymer chains. 
However, in case of the traditional “grafting to“ method the higher thickness comes 
with a penalty in the form of a lower density due to repulsion between the 
neighbouring polymer chains. An adsorbed C3M layer allows for the formation of a 
thicker barrier without applying extremely long neutral polymer chains. Upon 
adsorption of C3Ms there is an additional barrier between the native surface and the 
brush being formed, which is a complex coacervate layer anchoring the brush to the 
solid surface. The thickness of the layer formed upon adsorption of C3Ms can be 
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increased by application of a copolymer with longer charged blocks (increase of the 
thickness of the complex coacervate layer). 
However, increasing the lengths of the charged blocks forming the C3Ms has its 
limitations. If the size of the complex coacervate core exceeds a certain threshold it 
cannot be stabilized by the neutral blocks any more, and the system phase 
separates. Increasing the length of the neutral blocks has consequences for the 
aggregation number of the micelle. The longer the chains, the higher the excluded 
volume effect within the micellar corona, and the lower the aggregation number 
becomes. Hence, the composition of C3Ms applied onto surfaces must be a 
compromise between the thickness and the density. 
The effectiveness of the coating procedure may be compromised by the choice of the 
polyelectrolytes constituting the micelles. For regular C3Ms one proposed 
mechanism of C3Ms adsorption is unfolding of the micelle upon contact with the 
surface in such a way that the complex coacervate layer anchors the neutral corona 
chains forming the brush on the surface[2, 3]. For the brush to be formed the neutral 
blocks forming the micellar corona should be well water soluble and have a lower 
affinity to the surface than the complex coacervate core of the micelle. The 
hydrophobicity of the complex coacervate core should match the hydrophobicity of 
the surface to be coated, to ensure good wetting and, as a consequence, strong 
attachment and stability of the adsorbed coating. If the hydrophobicities of the 
micellar core and the solid surface differ significantly, or if the affinity of the corona 
chains to the surface is higher, the micelles do not unfold[4]. In this case the 
adsorption of organic molecules may continue on the uncoated parts of the surface, 
between the adsorbed micelles, initializing biofilm formation. Once the biofilm 
attaches to the surface it may continue growing, also on top of the imperfect coating. 
It is possible that even a uniform coating does not entirely suppress protein or 
bacterial adhesion. However, it lowers the strength of the interactions between the 
surface and the foulants. Thus, material accumulating on top of the brush (secondary 
adsorption) may be removed from the surface by simple rinsing. The coating may 
also get fouled due to molecules and particles mechanically trapped inside the brush. 
Then, due to the lower interactions with the surface, the foulants should be easily 
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removable from the surface together with the coating. As mentioned before, 
detachment of a C3M layer may be triggered by change of the salinity or pH of the 
environment, leading to its disintegration. This scenario highlights the importance of 
the coating’s renewability. 
An effective brush should not interact with the fouling molecules. Electrostatic 
interactions between the brush and the foulants are eliminated by using neutral 
polymer chains for brush formation. The hydrophobic interactions are eliminated by 
using highly hydrophilic polymers, like poly(ethylene oxide). Also, the possibility of 
formation of multiple hydrogen bonds should be eliminated by a careful choice of the 
materials. 
Are C3Ms the solution for the membranes fouling? 
The coating considered for the practical application in membrane installations should 
(i) be easily applicable and removable from the coated surface, (ii) should not hinder 
the performance of the membranes, (iii) should have a sufficient mechanical stability. 
As discussed before, C3Ms fulfill the first requirement with respect to easy 
preparation and application procedure. As discussed in Chapter 2, applying rinsing 
with solutions of high salt concentration, or of very high or low pH it is possible to 
remove the C3M coating from model surfaces. Increasing salt concentration results 
in screening the charges within the complex coacervate layer and of the surface 
itself, leading to disintegration of the layer and desorption of its components from the 
surface. The change of the pH has an influence on weak polyelectrolytes only. The 
decrease of the degree of dissociation of such polyelectrolytes results in a decrease 
of electrostatic attraction between the complex coacervate components and the 
surface. If both micellar components are weak polyelectrolytes the sufficiently low pH 
would result in decomposition of the adsorbed layer. However, if attraction of the 
micellar components is not of electrostatic origin, the polyelectrolyte chains cannot be 
easily removed from the surface. Another issue is the application of such extreme 
conditions in membrane installations. The membrane surfaces are usually sensitive 
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to high or low pH, and high salt concentrations, which may permanently destroy the 
membrane surface. 
The coating to be applied on the membrane surface must not hinder the performance 
of the membrane, i.e. it must be at least as permeable as the membrane. The 
polymer brush consists of highly hydrated polymer chains and is not expected to 
block the flux through the membrane. However, the complex coacervate layer 
anchoring the brush to the surface is more densely packed and may create a barrier 
for filtration. 
Flux and renewability 
To further evaluate the influence of the adsorbed C3M layer on the performance of 
the membrane we performed a simple dead-end filtration of MilliQ water through the 
composite polyamide reverse osmosis (RO) membrane (ESPA2-4040) coated with 
C3M-PEO204/PAA139. Freshly cut coupons from the membrane were rinsed several 
times in MilliQ water and soaked in fresh MilliQ water for several hours. 
Subsequently, some of the coupons were immersed in the C3Ms solution at pH 7, for 
2 hours. After that time the coated coupons were rinsed with MilliQ water to remove 
any excess of C3Ms and placed in AMICON test cells. The cell was filled with the 
feed solution and connected to a pressurized feed solution container. The permeate 
was collected in a container placed on a balance, connected to a computer. The 
weight of the collected permeate was recorded in time, in order to determine the flux 
through the membrane. The results of this experiment are shown in Figure 1. We 
observed a significant decrease of the flux through the coated membrane in 
comparison with the non coated one. After the experiments the coupons were 
soaked in a basic solution (pH=9.1) to remove the C3M coating. The results shown in 
Figure 1 suggest that the applied basic cleaning did not remove the adsorbed coating 
from the membrane, i.e. the flux through the membrane with the freshly applied 
coating is the same as the flux through the coated membrane after cleaning. The flux 
remained stable during the time of the experiment. In passing we mention that the 
tested membrane is resistant to changes in pH of the feed solution ranging from pH 3 
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to 10. Application of cleaning solutions with higher pH might have resulted in 
destroying the membrane. 
 
 
Figure 1. Filtration of MilliQ water through a composite polyamine RO membrane (Blank) and 
RO membrane coated with C3M-PEO204/PAA139 (Coated), and the influence of the 
membrane cleaning with NaOH (pH=9.1) on the filtration. The inserted graph shows the flux 
during the first hour of filtration. 
The loss of the flux due to application of the coating on the RO membrane is 
significant (30-40%), and is not acceptable when one considers an economically 
feasible industrial process. To further investigate the influence of this coating on the 
protein adsorption on the surface of the membrane, we performed a similar 
experiment but introduced a BSA solution in 10 mM phosphate buffer as a feed 
solution. Fresh membrane coupons were prepared and coated as previously. The 
results are shown in Figure 2. During this experiment a flux pattern very similar to the 
one shown in Figure 1 was observed. During filtration of the protein solution the 
decrease of the flux was rather low despite the increase of the protein concentration 
near the surface of the membrane during the process (concentration polarization). 
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The decrease of the flux could be also related to the presence of salt ions introduced 
as 10 mM phosphate buffer. However, there is no indication that the presence of the 
coating influences the adsorption of BSA on the membrane. The applied cleaning 
procedure has not removed the C3M layer from the membrane surfaces. 
 
 
Figure 2. Filtration of a BSA solution in 10 mM phosphate buffer (104 mg/l) through a 
composite polyamine RO membrane (Blank) and RO membrane coated with 
C3M-PEO204/PAA139 (Coated), and the influence of the membrane cleaning with NaOH 
(pH=9.1) on filtration. The inserted graph shows the flux during the first hour of filtration. 
The ultimate test of the effectiveness of a C3M coating against the membrane fouling 
was a so called “dirty” experiment during which bacterial growth on the feed side of 
the membrane was enhanced by addition of a nutrient to the feed solution. In this 
dead-end filtration experiment the feed solution was tap water spiked with 1.4 mg/l of 
acetate. The spiking solution contained (per 1 liter): 6.90 g CH3COOH, 1.43 g 
NaNO3, and 1.33 g NaH2PO4×H2O. The composition of the tap water at the time of 
the experiment was as follows: Total Carbon (TC): 65.1 mg/l, Non Volatile Organic 
Carbon (NVOC): 7.5 mg/l, Total Organic Carbon (TOC): 7.5 mg/l, and Total Inorganic 
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Carbon (TIC): 57,6 mg/l. The membrane coupons for this experiment were prepared 
as described before. The experimental results are shown in Figure 3. 
 
 
Figure 3. Filtration of MilliQ water with added 1.4 mg/l of acetate through a composite 
polyamine RO membrane (Blank) and RO membrane coated with C3M-PEO204/PAA139 
(Coated), and the influence of membrane cleaning with NaOH (pH=9.1) on the filtration. The 
inserted graph shows the flux during the first hour of filtration. 
The results presented in Figure 3 clearly show that not only there is an initial loss of 
the flux due to the presence of the coating, but also that the flux through coated and 
non-coated membranes decreases at the same rate. The observed decrease of the 
flux is much more significant than during the filtration of the protein solution. The last 
observation clearly indicates that the proteins are not the main contributors to the 
decay of flux. The main source of the flux decrease is bacterial growth. Thus, the 
effectiveness of any coating considered for practical application as an antifouling 
coating should be designed and tested for its ability to suppress bacterial attachment 
and growth. Bacteria attach to the surface by excretion of Extracellular Polymeric 
Substances (EPS). These mainly consist of polysaccharides. From this it follows that 
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in order to suppress bacterial adhesion the coating should prevent adsorption of 
polymeric substances. The influence of the applied basic cleaning is more 
pronounced in this experiment. After cleaning of both coated and uncoated 
membrane coupons the flux was not only restored but was higher than through the 
original membrane. However, the flux decline through the coupons after cleaning was 
faster than before cleaning. 
Mechanical stability of the C3M coating 
Coatings applied on functional surfaces, like membranes, are exposed to stress 
caused, amongst others, by shear, and compression. Membrane installations operate 
under high pressure and shear. Thus, the coating must have sufficient mechanical 
stability, and also self-healing properties, i.e. be mobile on the surface. In the 
discussion of the results in Chapter 7 we concluded that the friction between the 
complex coacervate layer and the hydrophilic and hydrophobic surfaces is much 
lower than between the corresponding bare surfaces, even at relatively high loads in 
the normal direction. This was an indication that the coating is not mechanically 
removed from the surface but rather moves in the direction of the applied friction. The 
reduction of protein adsorption measured on C3M coatings exposed to a prolonged 
shear differs significantly between the coatings formed on hydrophilic and 
hydrophobic surfaces. On hydrophilic surfaces the reduction of protein adsorption on 
the stressed coating remains stable whereas on hydrophobic surfaces the 
functionality of the coating is entirely lost. Hence, the problem of the mechanical 
stability refers not only to keeping the coating on the surface but also to the 
preservation of its functional structure. The problem of maintaining the structure is 
not relevant for the brushes chemically grafted to the surface. However, the C3M 
layer, adsorbed on the surface, may be easily disrupted as the interactions between 
the complex coacervate and the surface are not strong enough to counteract the 
friction forces. 
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Conclusions and outlook 
The requirements discussed above for applicable surface coatings, and the 
mechanical characteristics and performance of the coating formed upon adsorption 
of C3Ms, as described in this thesis, lead to the conclusion that C3Ms are not 
appropriate for the application on membranes for water purification. 
Modification of membrane surfaces involving application of an additional layer on the 
membrane surface will most probably always result in the reduction of the 
permeability of the modified membrane, in particular of RO membranes[5]. Moreover, 
this adsorbed layer would in time contribute to the contamination (fouling) of the 
membrane surface as the coating loses is functionality under operational conditions. 
One should not exclude the possibility that in time the adsorbed polymeric layer may 
even become a source of nutrients for the developing biofilm. Therefore, it seems 
that the best approach to reduce biofouling by surface modification is to develop new 
membrane materials. A promising solution is incorporation of copolymers with a 
strong hydrophilic and strong hydrophobic block in the polymer melt before casting 
the membrane[6]. During the precipitation of the membrane in the water bath these 
copolymers segregate in such way that the hydrophobic blocks are embedded in the 
membrane materials and the hydrophilic blocks form a brush on the membrane 
surface. The disadvantage of this solution may be a short shelf life of these kinds of 
brushes under operational conditions. Once part of the coating is worn out it cannot 
be easily replaced. Then, the only way to restore the performance of the membrane 
module is to replace it. Considering the sizes of the industrial membrane plants this is 
a very costly solution. In this respect the concept of application of C3Ms was very 
attractive. Moreover, the novel membrane materials are still not economically feasible 
for industrial applications and, to our knowledge, there are no systematic studies of 
their performance under operational conditions of membrane installations. However, 
this promising solution should be further developed and optimized. Until new 
non-fouling membrane materials become economically feasible, biofouling should be 
controlled by other means, i.e. pretreatment of the feed solution, optimization of the 
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operational conditions or nutrient limitations[7]. None of these would entirely 
eliminate the problem but may make it less severe. 
The question remains whether there are other applications for coatings based on the 
formation and adsorption of C3Ms. From the discussion above it appears that there 
are two main problems that need to be solved: the permeability and the mechanical 
stability. The C3M coatings could be applied on surfaces that do not need to be 
permeable, providing that the mechanical stability of the coating is improved. One 
way of doing so could be crosslinking of the complex coacervate layer once micelles 
are adsorbed on the desired surface. This should prevent rearrangement within the 
adsorbed layer leading to the loss of the functional complex coacervate–brush 
structure, as observed on hydrophobic surfaces (Chapter 7). However, care must be 
taken that the brush-forming chains do not become cross-linked, and that no 
permanent chemical bond is formed between the adsorbed micellar layer and the 
surface. Once such a bond is formed the layer becomes just a grafted layer. On 
materials less sensitive to changes in pH and salt concentration than membrane 
materials C3Ms may still be considered as a good option to form a renewable surface 
coating. 
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The structure and formation of Ionomer Complexes (ICs) consisting of linear 
polyelectrolytes (C3Ms) have been extensively studied in the past years. Recently, 
these structures were also considered for several applications. This thesis deals with 
the possible application of ICs as a surface coating suppressing protein adsorption 
independent of the properties of the native surface. To reach this goal it was crucial 
to understand the principles governing the adsorption and the stability of the IC 
layers on solid surfaces, as well as their interactions with proteins. Therefore, this 
research was limited to well defined model substrates: silica (model hydrophilic 
surface), polystyrene (model hydrophobic surface), and polysulfone (a surface 
mimicking polymeric membrane material), and model proteins: β-lactoglobulin, 
bovine serum albumin, fibrinogen, and lysozyme. The ultimate goal, however, was to 
apply the coating on surfaces of membranes used in water purification to suppress a 
biofilm growth. 
In Chapter 2 we investigate the reduction of protein adsorption by a polymer brush 
formed upon adsorption of C3Ms, consisting of a copolymer poly(2-vinyl N-methyl 
pyridinium iodide)-b-poly(ethylene oxide) (P2MVPI41-b-PEO204) and an oppositely 
charged homopolymer poly(acrylic acid) (PAA139), on silica and polystyrene surfaces. 
Four proteins were used: lysozyme, β-lactoglobulin, bovine serum albumin, and 
fibrinogen. The size of these C3Ms in solution was approximately 22 nm. The 
C3M-PEO204/PAA139 coating was found to be responsive to changes in pH and salt 
concentration, and could be completely removed from the surface by rinsing with a 
concentrated salt solution (>2M NaCl) or an acidic solution (pH<2). The same 
surface could be subsequently coated with a fresh micellar layer. The reduction of 
protein adsorption by C3M-PEO204/PAA139 was found to be influenced by the surface 
chemical composition, surface charge, hydrophobicity, and salt concentration. 
C3M-PEO204/PAA139 adsorption was higher on hydrophobic polystyrene than on 
hydrophilic silica, but stronger reduction of protein adsorption was observed on silica. 
The protein resistance of the brush was enhanced by increasing the salt 
concentration from 5 to 100 mM as a consequence of the stronger screening of 
excess charges. The stoichiometric charge composition, at which stable 
C3M-PEO204/PAA139 are formed in bulk, was found to be not the optimal one to 
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create an effective coating on charged surfaces. On the silica surface higher 
reduction of protein adsorption was observed when micelles carry an excess charge 
opposite to the charge of the native surface. 
The moderate reduction of protein adsorption was attributed to the relatively low 
density of the brush and the relatively low stability of the adsorbed coating, in 
particular on a hydrophobic surface. To improve the attachment of the micellar layer 
to the solid surface, and to improve the reduction of protein adsorption we changed 
the polymer composition of the micelles. 
In Chapter 3 we have studied C3Ms consisting of a block copolymer 
PAA50-65-b-PVA445 (poly(acrylic acid)-b-poly(vinyl alcohol)), with a neutral PVA block, 
and the positively charged homopolymers: P2MVPI228 or PAH·HCl160 (poly(allylamine 
hydrochloride)). The size of these C3Ms in solution was approximately 22-25 nm. At 
low salt concentration a complex coacervate phase consisting of PAH and PAA is 
glass-like and adsorbs strongly on a solid-liquid interface. PVA is known to also 
increase the hydrophilicity of the surface significantly and thus eliminate hydrophobic 
interactions between the surface and the protein molecule. C3M-PVA445/PAH160 
strongly suppressed protein adsorption on silica, also at low salt concentration. 
However, at high salt concentrations it enhances adsorption of BSA on hydrophobic 
polysulfone, probably due to the formation of complexes between BSA and 
PAH·HCl160. Much smaller reduction of protein adsorption on silica and polysulfone 
was obtained by C3M-PVA445/P2MVPI228. In this case the effectiveness of the coating 
strongly depended on the type of protein. On polysulfone at 50 mM NaCl we have 
observed only reduction of Lsz adsorption whereas adsorption of the negatively 
charged proteins was enhanced rather than reduced by the coating. We related the 
results obtained for C3M-PVA445/P2MVPI228 to the low density of the PVA chains on 
the surfaces, partial segregation of the polymer chains within the complex coacervate 
layer, and penetration of the adsorbed layer by the proteins. 
As the suppression of protein adsorption on various substrates could have not been 
improved by simple change in polymer composition of C3Ms the next step was to 
increase the density of the brush formed upon adsorption of ICs. This was achieved 
by introduction of grafted block copolymer into the ICs, as described in Chapter 4. In 
Summary 
 220 
this chapter we described the formation and the stability of Grafted Block Ionomer 
Complexes (GBICs) in solution and the influence of GBICs coatings on the 
adsorption of the proteins β-lactoglobulin, bovine serum albumin, and lysozyme. The 
GBICs consisted of a grafted block copolymer PAA21-b-PAPEO14 (poly(acrylic acid)-
b-poly(acrylate methoxy poly(ethylene oxide))), with a negatively charged PAA block 
and a neutral PAPEO block, and a positively charged homopolymer P2MVPI of two 
different lengths: 43 and 228 monomers, respectively. In solution these aggregates 
partly disintegrated at salt concentrations between 50 and 100 mM NaCl. In 
comparison with the adsorption of single PAA21-b-PAPEO14 adsorption of GBICs 
significantly increased the amount of PAA21-b-PAPEO14 on the surface. This resulted 
in a higher density of PEO chains on the surface. The stability of the GBIC coatings 
and their influence on protein adsorption were determined by the composition and 
the stability of these aggregates in solution. GBIC-PAPEO14/P2MVP43 strongly 
suppressed the adsorption of all proteins on silica and polystyrene. The reduction of 
protein adsorption was the highest at 100 mM NaCl (>90%). The adsorbed 
GBIC-PAPEO14/P2MVP43 layer was partly removed from the surface upon exposure 
to an excess of β-lactoglobulin solution, due to formation of soluble aggregates 
consisting of β-lactoglobulin and P2MVPI43. A similar effect was observed when the 
adsorbed layer was exposed to PAA21-b-PAPEO14. GBIC-PAPEO14/P2MVP228 
enhanced adsorption of the negatively charged proteins on both surfaces at salt 
concentrations above 1 mM NaCl. The difference between the two GBICs systems 
was related to the ratio of the charged chains in each complex and the resulting 
structure of the adsorbed layer. A single PAA21-b-PAPEO14 layer caused only a 
moderate reduction of protein adsorption. It was suggested that due to the 
hydrophobic end-group in PAA21-b-PAPEO14 molecule the size of the GBICs was 
much bigger than the size of the regular C3Ms, and were approximately 86 nm for 
GBIC-PAPEO14/P2MVP43 and 105 nm GBIC-PAPEO14/P2MVP228, respectively. 
The density of the grafted chains may also be significantly increased when ICs are 
formed with grafted copolymer, with the neutral grafted chains randomly distributed 
along the charged backbone. In Chapter 5 we discussed the formation and the 
stability of Grafted Ionomer Complexes (GICs) in solution, and the influence of GIC 
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coatings on the adsorption of the proteins β-lactoglobulin, bovine serum albumin, and 
lysozyme on silica and polysulfone. The GICs consisted of the grafted copolymer 
PAA28-co-PAPEO22 (poly(acrylic acid)-co-poly(acrylate methoxy poly(ethylene 
oxide))) with negatively charged AA and neutral APEO groups, and the positively 
charged homopolymers: P2MVPI43 and PAH·HCl160. In solution these aggregates 
appeared to be assemblies with hydrodynamic radii of 8 nm 
(GIC-PAPEO22/P2MVPI43) and 22 nm (GIC-PAPEO22/PAH·HCl160), respectively. The 
GICs partly disintegrated in solution at salt concentrations above 10 mM NaCl. 
Adsorption of GICs and proteins has been studied with fixed angle optical 
reflectometry at salt concentrations ranging from 1 to 50 mM NaCl. Adsorption of 
GICs resulted in a high density of PEO side chains. Higher densities were obtained 
for GIC consisting of PAH·HCl160 (1.6-1.9 chains/nm2) than of P2MVPI43 (0.6-1.5 
chains/nm2). Both GIC coatings strongly suppressed adsorption of all proteins on 
silica (>90%). However, reduction of protein adsorption on polysulfone depended on 
the composition of the coating and the type of protein. We observed a moderate 
reduction of adsorption of β-lactoglobulin and of lysozyme (>60%). Adsorption of 
bovine serum albumin on the GIC-PAPEO22/P2MVPI43 coating was moderately 
reduced, but on the GIC-PAPEO22/PAH·HCl160 coating it was enhanced. 
In Chapter 6 we discuss the structure and formation of Ionomeric Complexes formed 
upon mixing a grafted block copolymer with a linear polyelectrolyte (GBICs), 
described in Chapter 4, and a chemically identical grafted copolymer with a linear 
polyelectrolyte (GICs), described in Chapter 5. The difference between the two 
grafted polymers was the distribution of the charged groups and ethylene oxide grafts 
along the backbone. In this chapter we combined experimental results (Light 
Scattering) with theoretical (Self Consistent Field) calculations. Light Scattering 
measurements showed that GBICs are much bigger (~70-100 nm) than regular 
C3Ms. The formation of GICs was different from regular C3Ms and GBICs and its 
size depended on the length of the homopolyelectrolyte. The sizes of GBICs and 
GICs slightly decreased with temperature increasing from 20 to 65˚C. This effect was 
reversible for GICs and GBIC-PAPEO14/P2MVPI228, and showed some hysteresis for 
GBIC-PAPEO14/P2MVPI43. The effect was stronger for GBICs than for GICs. SCF 
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calculations predicted formation of relatively small spherical micelles (~6 nm), with a 
composition close to complete charge neutralization for assembly of grafted block 
copolymers, with clearly separated charged and grafted blocks, and an oppositely 
charged linear polyelectrolyte of comparable length of charged copolymer block. The 
formation of micellar assemblies was suppressed if charged and grafted monomers 
are evenly distributed along the backbone, i.e. for grafted copolymers. The huge 
difference between the experimentally determined sizes for GBICs and the predicted 
micellar sizes supported the view that there is some secondary associating 
mechanism. A possible mechanism was discussed. 
In Chapter 7 we have studied the effect of shear on the stability and functionality of a 
brush layer formed upon adsorption of Complex Coacervate Core Micelles (C3Ms) 
and Grafted Ionomer Complexes (GICs) on hydrophilic and hydrophobic surfaces. 
The aggregates consisted of oppositely charged polyelectrolyte blocks PAA and 
P2MVPI, and neutral blocks PVA or the neutral PEO grafts. The strength of the 
attachment of the micellar layers to various substrates as well as their resistance to 
an applied friction were evaluated with Atomic Force Microscopy. Flow cell 
experiments allowed for long-term exposure of the coatings to a lateral flow. Fixed 
angle optical reflectometry was used to quantify the protein (BSA) adsorption on the 
coatings after their exposure to a flow. The results showed that the adsorbed C3M 
and GIC layers were relatively weakly attached to hydrophobic surfaces and much 
stronger to hydrophilic surfaces, which had a significant impact on their stability. The 
adsorbed layers maintained their ability to suppress protein adsorption on hydrophilic 
surfaces but not on hydrophobic surfaces. Due to the relatively weak attachment to 
the hydrophobic surfaces the structure of the adsorbed layer could be easily 
disrupted by the lateral forces, such that the complex coacervate–brush structure did 
not longer exist. 
In the final chapter we discuss applicability of C3M coatings on membrane surfaces 
and give suggestions for possible applications on other surfaces. Due to relatively 
low mechanical stability under shear and limited permeability of the adsorbed C3M 
layers we concluded that C3Ms should not be considered for a practical application 
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on membranes for water purification. However, they may be considered for 
applications on substrates that do not need to be permeable. 
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 Samenvatting 
De structuur en vorming van ionomeer complexen (ICs) bestaande uit lineaire 
polyelectrolieten (C3Ms) is in de afgelopen jaren grondig bestudeerd. In de laatste 
jaren zijn ook toepassingen van deze structuren nader bekeken. Dit proefschrift gaat 
over de mogelijke toepassing van ICs als een oppervlaktecoating voor het 
onderdrukken van eiwitadsorptie. Om dit doel te bereiken is het van groot belang om 
de principes die ten grondslag liggen aan de hechting en de stabiliteit van IC lagen 
aan vaste oppervlakken te begrijpen, evenals hun wisselwerkingen met eiwitten. 
Daarom heeft dit onderzoek zich beperkt tot goed gedefinieerde modeloppervlakken: 
silica (hydrofiel = waterminnend oppervlak), polystyreen (hydrofoob = watervrezend 
oppervlak) en polysulfon (een oppervlak dat model staat voor polymeer 
membraanmateriaal) en modeleiwitten: β-lactoglobuline, runder serum albumine, 
fibrinogeen en lysozyme. Het uiteindelijke doel was om de coating aan te brengen op 
oppervlakken van materialen die in de praktijk gebruikt worden en de toepassing uit 
te breiden naar het onderdrukken van de groei van biofilms. 
In Hoofdstuk 2 onderzoeken we de vermindering van eiwitadsorptie door een 
polymere borstel die wordt gevormd tijdens adsorptie van C3Ms (complexcoacervaat 
kern micellen), bestaande uit het copolymeer poly(2-vinyl N-methyl pyridinium 
jodide)-b-poly(ethyleen oxide) (P2MVPI41-b-PEO204) en het tegengesteld geladen 
homopolymeer poly(acrylzuur) (PAA139), op silica- en polystyreenoppervlakken,. Er 
zijn vier eiwitten onderzocht: lysozyme, β-lactoglobuline, runder serum albumine en 
fibrinogeen. De straal van de C3Ms in oplossing bedroeg ongeveer 22 nm. De C3M-
PEO204/PAA139 coating reageert op veranderingen in pH en zoutconcentratie, en kan 
volledig worden verwijderd van het oppervlak door te spoelen met een 
geconcentreerde zoutoplossing (>2M NaCl) of een zuuroplossing (pH<2). Hetzelfde 
oppervlak kan daarna opnieuw worden bedekt met een verse laag C3Ms. De 
vermindering van de eiwitadsorptie door C3M-PEO204/PAA139 wordt beïnvloed door 
de chemische samenstelling van het onderliggende oppervlak, de oppervlaktelading, 
de hydrofobiciteit en de zoutconcentratie. Adsorptie van C3M-PEO204/PAA139 is 
hoger op hydrofoob polystyreen dan op hydrofiel silica, maar een sterkere 
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vermindering van eiwitadsorptie werd waargenomen voor het silica oppervlak. 
Tengevolge van een sterkere afscherming van het ladingsoverschot wordt de 
eiwitafstoting door de borstel versterkt bij verhoging van de zoutconcentratie van 5 
tot 100 mM. Er is vastgesteld dat de stochiometrische ladingssamenstelling waarbij 
stabiele C3M-PEO204/PAA139 micellen worden gevormd in de oplossing niet optimaal 
is om een effectieve coating op geladen oppervlakken te maken. Op een silica-
oppervlak werd een sterkere vermindering van de eiwitadsorptie waargenomen 
wanneer micellen een overschot lading hebben tegengesteld aan dat van het 
onbedekte oppervlak. De beperkte reductie van de eiwitadsorptie wordt 
toegeschreven aan de relatief lage borsteldichtheid op het gevormde oppervlak en 
de onvoldoende stabiliteit van de geadsorbeerde coating in het bijzonder bij het 
hydrofobe oppervlak. Om de hechting van de micellaire laag aan het vaste oppervlak 
en de vermindering van de eiwitadsorptie te verbeteren, hebben we de samenstelling 
van de micellen veranderd. 
In Hoofdstuk 3 hebben we C3Ms bestudeerd bestaande uit het blokcopolymeer 
PAA50-65-b-PVA445 (poly(acrylzuur)-b-poly(vinyl alcohol)) met een neutraal PVA blok 
en het positief geladen homopolymeer: P2MVPI228 of het positief geladen 
homopolymeer PAH·HCl160 (poly(allylamine hydrochloride)). De straal van deze 
C3Ms in oplossing bedroeg ongeveer 22-25 nm. Bij lage zoutconcentratie heeft een 
complexcoacervaat van PAH en PAA een glasachtige structuur en adsorbeert sterk 
aan een vast-vloeistofgrensvlak. Van PVA is bekend dat het de hydrofiliciteit van het 
oppervlak aanzienlijk verhoogt en dus hydrofobe wisselwerkingen tussen het 
oppervlak en het eiwitmolecuul uitsluit. C3M-PVA445/PAH160 onderdrukt in sterke 
mate eiwitadsorptie op silica, ook bij lage zoutconcentratie. Echter, bij hoge 
zoutconcentratie wordt adsorptie van BSA op hydrofoob polysulfon versterkt, 
waarschijnlijk door de vorming van complexen tussen BSA en PAH·HCl160. Een veel 
kleinere vermindering van eiwitadsorptie op silica en polysulfon werd bereikt met 
C3M-PVA445/P2MVPI228. Voor dit systeem hangt de effectiviteit van de coating sterk 
af van de aard van het eiwit. Op polysulfon bij 50 mM NaCl hebben we alleen een 
adsorptievermindering voor Lsz waargenomen, terwijl de adsorptie van de negatief 
geladen eiwitten juist werd versterkt door de coating. Voor C3M-PVA445/P2MVPI228 
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hebben we de resultaten verkregen voor beide oppervlakken toegeschreven aan de 
lage dichtheid van de PVA ketens, gedeeltelijke afscheiding van de polymeerketens 
uit de complexcoacervaatlaag en penetratie van de geadsorbeerde laag door de 
eiwitten.  
Omdat de onderdrukking op de verschillende oppervlakken niet kon worden 
verbeterd door een eenvoudige verandering in de polymeersamenstelling van de 
C3Ms was de volgende stap het verhogen van de borsteldichtheid op het oppervlak. 
Dit hebben we gedaan door gebruik van een kamblokcopolymeer in de ICs zoals 
beschreven in Hoofdstuk 4. In dit hoofdstuk beschrijven we de vorming en stabiliteit 
van kam-blokionomeer complexen (GBICs) in oplossing en de invloed van GBIC 
coatings op de adsorptie van de eiwitten β-lactoglobulin, runder serum albumin en 
lysozyme. De GBICs waren samengesteld uit het kamblokcopolymeer PAA21-b-
PAPEO14 (poly(acryl zuur)-b-poly(acrylaat methoxy poly(ethyleen oxide)), met een 
negatief geladen PAA blok en een neutraal PAPEO blok, en het positief geladen 
homopolymeer P2MVPI met twee verschillende lengten: respectievelijk 43 en 228 
monomeren. In oplossing vallen  deze aggregaten gedeeltelijk uit elkaar bij 
zoutconcentraties tussen  50 en 100 mM NaCl. In vergelijking met de adsorptie van 
alleen PAA21-b-PAPEO14 neemt de adsorptie van GBICs significant toe met de 
hoeveelheid PAA21-b-PAPEO14 op het oppervlak. Dit resulteert in een hogere 
dichtheid van PEO ketens op het oppervlak. De stabiliteit van de GBIC coatings en 
hun invloed op eiwitadsorptie werden bepaald door de samenstelling en de stabiliteit 
van de aggregaten in oplossing. GBIC-PAPEO14/P2MVP43 micellen onderdrukken 
sterk de adsorptie van alle eiwitten op silica en polystyreen. De vermindering van 
eiwitadsorptie was het hoogst bij 100 mM NaCl (>90%). De geadsorbeerde GBIC-
PAPEO14/P2MVP43 laag werd gedeeltelijk van het oppervlak verwijderd bij 
blootstelling aan een overmaat β-lactoglobuline oplossing, tengevolge van de 
vorming van oplosbare aggregaten bestaande uit β-lactoglobuline en P2MVPI43. Een 
vergelijkbaar effect werd waargenomen wanneer de geadsorbeerde laag werd 
blootgesteld aan PAA21-b-PAPEO14. GBIC-PAPEO14/P2MVP228 verhoogt de 
adsorptie van negatief geladen eiwitten voor beide oppervlakken bij 
zoutconcentraties boven 1 mM NaCl. Het verschil tussen de twee GBICs systemen 
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hebben we gerelateerd aan de verhouding van de geladen ketens in elk complex en 
de resulterende structuur van de geadsorbeerde laag. Een enkele PAA21-b-PAPEO14 
laag gaf slechts een gematigde vermindering van de eiwitadsorptie. Tengevolge van 
de hydrofobe eindgroep in het PAA21-b-PAPEO14 molecuul is de straal van de GBICs 
veel groter dan van reguliere C3Ms en bedroeg respectievelijk ±86 nm voor GBIC-
PAPEO14/P2MVP43 en ca 105 nm GBIC-PAPEO14/P2MVP228,. 
De dichtheid van de kampolymeren kan nog verder worden verhoogd als ionomeer 
complexen worden gevormd met een kamcopolymeer waarvan de neutrale korte 
ketens (de “grafts”) willekeurig zijn verdeeld over de geladen graat van het polymeer. 
In Hoofdstuk 5 bediscussiëren we de vorming en de stabiliteit van ionomeer 
complexen gevormd uit kamcopolymeren (GICs) in oplossing en de invloed van GIC 
coatings op de adsorptie van de eiwitten β-lactoglobuline, runder serum albumine en 
lysozyme op silica en polysulfon. De GICs bestond uit het kamcopolymeer PAA28-co-
PAPEO22 (poly(acryl zuur)-co-poly(acrylaat methoxy poly(ethyleen oxide)) met 
negatief geladen AA en neutrale APEO groepen en de positief geladen 
homopolymeren: P2MVPI43 en PAH·HCl160. In oplossing bleken de aggregaten een 
hydrodynamische straal van respectievelijk 8 nm (GIC-PAPEO22/P2MVPI43) en 22 
nm (GIC-PAPEO22/PAH·HCl160) te hebben. De GICs viel in oplossing gedeeltelijk uit 
elkaar bij zoutconcentraties boven 10 mM NaCl. Adsorptie van GICs en eiwitten is 
bestudeerd met vaste hoek optische reflectometrie bij zoutconcentraties variërend 
van 1 to 50 mM NaCl. Adsorptie van GICs resulteerde in een hoge dichtheid van 
PEO-zijketens. Hogere dichtheden werden verkregen voor GICs bestaande uit 
PAH·HCl160 (1.6÷1.9 ketens/nm2) dan uit P2MVPI43 (0.6÷1.5 ketens/nm2). Beide 
GICs coatings onderdrukten in sterke mate de adsorptie van alle eiwitten op silica 
(>90%). Echter, vermindering van eiwitadsorptie op polysulfon hing af van de 
samenstelling van de coating en het soort eiwit. We namen een beperkte 
vermindering van de adsorptie van β-lactoglobuline en lysozym (>60%) waar. 
Adsorptie van runder serum albumin op de GIC-PAPEO22/P2MVPI43 coating was 
matig gereduceerd, maar op de GIC-PAPEO22/PAH·HCl160 coating werd de adsorptie 
verhoogd. 
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In Hoofdstuk 6 bediscussiëren we de structuur en vorming van ionomeer complexen 
gevormd door menging van een kamblokcopolymeer met een lineair polyelectroliet 
(GBICs), beschreven in hoofdstuk 4 en een chemisch identiek kamcopolymeer met 
een lineair polyelectroliet (GICs) beschreven in hoofdstuk 5. Het verschil tussen de 
twee kamcopolymeren was de verdeling van de geladen groepen en de 
ethyleenoxidekam langs de graat van het polymeer. In dit hoofdstuk combineren we 
experimentele resultaten (lichtverstrooiing) met theoretische (zelf-consistent veld) 
berekeningen. Lichtverstrooiingsmetingen toonden aan dat GBIC’S veel groter zijn 
(~70-100 nm) dan gewone C3Ms. De vorming van GICs verschilt van gewone C3Ms 
en GBICs en zijn afmeting hangt af van de lengte van het homopolyelectroliet. De 
afmetingen van GBICs en GICs namen enigermate af tijdens een temperatuurstijging 
van 20 tot 65˚C. Dit effect was reversibel voor GIC en GBIC-PAPEO14/P2MVPI228, en 
vertoonde enige hysterese voor GBIC-PAPEO14/P2MVPI43. Het effect was sterker 
voor GBICs dan voor GICs. Voor assemblage van kamblokcopolymeren met duidelijk 
gescheiden geladen en kamblokken, en een tegengesteld geladen lineair 
polyelectroliet met een lengte vergelijkbaar met de lengte van het geladen 
copolymeerblok voorspellen SCF berekeningen vorming van relatief kleine bolvomige 
micellen (~6 nm) met een samenstelling dicht bij volledige ladingsneutralisatie. De 
vorming van micellaire assemblages werd onderdrukt als geladen monomeren en 
kammonomeren gelijkmatig verdeeld zijn over de graat, d.w.z. voor 
kamcopolymeren. Het enorme verschil tussen de experimenteel gevonden 
afmetingen voor GBICs en de voorspelde micelafmetingen ondersteunen het idee 
dat er een secundair associatie mechanisme bestaat. Een mogelijk mechanisme 
wordt bediscussieerd.  
In Hoofdstuk 7 hebben we het effect van afschuiving op de stabiliteit en 
functionaliteit van een borstellaag gevormd via adsorptie van complexcoacervaatkern 
micellen (C3Ms) en kam-ionomeer complexen (GICs) op hydrofiele en hydrofobe 
oppervlakken bestudeerd. De aggregaten bestonden uit de tegengesteld geladen 
polyelectrolietblokken PAA en P2MVP, en neutrale PVA blokken of neutrale PEO 
kammen. De hechtingssterkte van de micellagen aan verschillende oppervlakken 
zowel als de weerstand tegen een aangelegde wrijving zijn bestudeerd met AFM 
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(Atomic Force Microscopy). Met behulp van stromingscelexperimenten kon de 
coating langdurig worden blootgesteld aan een afschuifstroming. Vaste hoek 
optische reflectometrie werd gebruikt om de eiwit (BSA) adsorptie aan coatings na 
blootstelling aan een stroming te kwantificeren. De resultaten toonden aan dat de 
geadsorbeerde C3M en GIC lagen relatief zwak zijn gehecht aan hydrofobe 
oppervlakken en veel sterker aan hydrofiele oppervlakken, hetgeen een aanzienlijke 
invloed heeft op de stabiliteit. De geadsorbeerde lagen behielden hun vermogen om 
eiwitadsorptie te onderdrukken aan hydrofiele oppervlakken maar niet aan hydrofobe 
oppervlakken. Tengevolge van de relatief zwakke hechting aan hydrofobe 
oppervlakken kan de structuur van de geadsorbeerde laag gemakkelijk worden 
verstoord door afschuifkrachten, zodat de complex coacervaat-borstel structuur niet 
langer bestaat.  
In Hoofdstuk 8 bespreken we de toepasbaarheid van IC coatings op 
membraanoppervlakken en geven we suggesties voor mogelijke toepassingen aan 
andere oppervlakken. 
 Podsumowanie 
Od wielu lat prowadzone są badania nad strukturą i ptworzeniem kompleksów 
jonowych (Ionomer Complexes - ICs) zbudowanych z liniowych polielektrolitów 
(Complex Coacervate Core Micelles - C3Ms), a w ostatnim czasie podejmowane są 
również badania nad możliwościami ich praktycznego wykorzystania. Niniejsza praca 
jest poświęcona wykorzystaniu kompleksów jonowych do tworzenia powłok (szczotek 
polimerowych) ograniczających adsorpcję białek na powierzchniach ciał stałych, 
niezależnie od ich właściwości fizyko-chemicznych. W tym celu konieczne było 
zrozumienie mechanizmu adsorpcji kompleksów jonowych na granicy faz 
ciało stałe–ciecz oraz ich oddziaływań z białkami. Przeprowadzone badania zostały 
ograniczone do powierzchni modelowych: krzemionki (powierzchnia hydrofilowa), 
polistyrenu (powierzchnia hydrofobowa) oraz polisulfonu (powierzchnia o składzie 
chemicznym przypominającym skład chemiczny niektórych membran 
wykorzystwanych do oczyszczania wody), oraz wybranych białek: β-laktoglobuliny, 
BSA, Fibrynogenu oraz Lizozymu. W warunkach eksperymentalnych białka te różnią 
się kształtem, całkowitym ładunkiem powierzchniowym oraz zachowaniem podczas 
adsorpcji na powierzchniach stałych. Końcowym efektem pracy miało być stworzenie 
powłoki eliminującej adsorpcję mikroorganizmów i powstawanie biofilmu na 
powierzchni membran wykorzystywanych do oczyszczania wody. 
Rozdział drugi jest poświęcony adsorpcji białek na szczotkach polimerowych, które 
powstały podczas adsorpcji C3Ms na krzemionce i polistyrenie. Omówione C3Ms 
zbudowane były z kopolimeru blokowego z blokiem polikationowym P2MVPI oraz 
blokiem neutralnym PEO, (P2MVPI41-b-PEO204) oraz polianionu (PAA139). W 
roztworze C3M-PEO204/PAA139 są agregatami o promieniu około 22 nm. Promień ten 
odpowiada w przybliżeniu grubości warstwy miceli zaadsorbowanej na powierzchni 
przy założeniu, że neutralne bloki tworzą w pełni wykształconą szczotkę. Powłoka ta 
była wrażliwa na zmiany pH roztworu oraz zmiany stężenia soli w roztworze, i była 
usuwana z powierzchni podczas płukania stężonym roztworem NaCl (>2M) lub 
stężonym roztworem HCl (pH<2). Po usunięciu powłoki ta sama powierzchnia mogła 
być ponownie pokryta warstwą C3M-PEO204/PAA139. Adsorpcja białek na tej powłoce 
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silnie zależała od ładunku i hydrofobowości pokrytej powierzchni, oraz od stężenia 
soli w otaczającym roztworze. Na krzemionce i polistyrenie pokrytych warstwą miceli 
adsorpcja białek malała ze wzrostem stężenia soli w roztworze z 5 do 100 mM, co 
było wynikiem silniejszego ekranowania ładunków w podwójnej warstwie 
elektrycznej. Pomimo, że masa C3M-PEO204/PAA139 zaadsorbowana na powierzchni 
polistyrenu była większa niż masa zaadsorbowana na krzemionce, adsorpcja białek 
została silniej ograniczona na krzemionce. W roztworze stabilne C3Ms powstają gdy 
ich skład chemiczny odpowiada stechiometrycznej ilości ładunków dodatnich i 
ujemnych. Jednakże taki skład nie jest optymalny do tworzenia powłok, które 
efektywnie redukują adsorpcję białek na powierzchniach, które nie są elektrycznie 
obojętne. Na krzemionce, redukcja adsorpcji białek zachodziła w większym stopniu 
gdy C3M-PEO204/PAA139 były obdarzone nadmiarem ładunku o znaku przeciwnym 
do ładunku krzemionki. Zaobserwowany ograniczony stopień redukcji adsorpcji 
białek przez C3M-PEO204/PAA139 został wytłumaczony stosunkowo małą gęstością 
powstałej szczotki polimerowej oraz niestabilnością powłoki, szczególnie na 
powierzchni hydrofobowej. Aby wzmocnić adsorpcję warstwy miceli oraz silniej 
zredukować adsorpcję białek na pokrywanych powierzchniach zmieniony został 
skład chemiczny polimerów tworzących C3Ms. Micele o nowym składzie chemicznym 
zostały opisane w Rozdziale trzecim. Omówione C3Ms zbudowane były z 
kopolimeru blokowego z neutralnym blokiem PVA, oraz polianionowym blokiem PAA 
(PAA50-65-b-PVA445) oraz polikationów P2MVPI228 lub PAH·HCl160. Średnica tych 
miceli w roztworze, odpowiadająca w przybliżeniu grubości warstwy zaadsorbowanej 
na powierzchniach stałych, wynosiła około 22-25 nm. Przy niskich stężeniach soli w 
roztworze faza koacerwatu, tworzona przez PAH i PAA, zachowuje się jak faza 
szklista i silnie adsorbuje na granicy ciało stałe-ciecz. Ponadto PVA silnie zwiększa 
hydrofilowość powierzchni, a przez to eliminuje oddziaływania hydrofobowe 
pomiędzy pokrytą powierzchnią a białkami, ograniczając ich adsorpcję. Adsorpcja 
białek na krzemionce pokrytej szczotką polimerową powstałą w wyniku adsorpcji 
C3M-PVA445/PAH160 została silnie ograniczona, również w roztworach o niskim 
stężeniu soli. Na powierzchni hydrofobowej (polisulfon) w roztworze o wysokim 
stężeniu soli zaobserwowaliśmy większą adsorpcję BSA niż na powierzchni 
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niepokrytej warstwą C3Ms. Najbardziej prawdopodobnym wyjaśnieniem tego 
zjawiska jest tworzenie kompleksów pomiędzy BSA i PAH·HCl160. Redukcja adsorpcji 
białek na krzemionce i polisulfonie pokrytych C3M-PVA445/P2MVPI228 była znacznie 
słabsza od redukcji na C3M-PVA445/PAH160, i silnie zależała od własności fizyko-
chemicznych białka. W roztworze zawierającym 50 mM NaCl adsorpcja Lizozymu na 
polisulfonie została silnie ograniczona, natomiast adsorpcja BSA i β-laktoglobuliny 
była wyższa niż na powierzchni niepokrytej warstą miceli. Naszym zdaniem 
niezadawalające wyniki osiągnięte na powłoce z C3M-PVA445/P2MVPI228 są 
rezultatem małej gęstości łańcuchów PVA tworzących szczotkę polimerową na tej 
powierzchni, częściowej segregacji polielektrolitów w warstwie koacerwatu oraz 
penetracji zaadsorbowanej warstwy miceli przez cząsteczki białka. 
Ponieważ zmiana składu chemicznego C3Ms nie pozwoliła na wyeliminowanie 
adsorpcji białek na powierzchniach pokrytych warstwami C3Ms, kolejnym krokiem 
było zwiększenie gęstości szczotek polimerowych powstałych w wyniku adsorpcji 
C3Ms. Rozdział czwarty jest poświęcony formowaniu i stabilności kompleksów 
jonowych (GIBCs) zbudowanych z liniowego polikationu (P2MVPI43 lub 228) oraz 
szczepionego kopolimeru blokowego, zawierającego blok polianionowy (PAA) oraz 
szczepione bloki neutralne (PAPEO), (PAA21-b-PAPEO14) w roztworze, oraz wpływie 
zaadsorbowanej warstwy GBICs na adsorpcję β-laktoglobuliny, BSA, oraz Lizozymu 
na krzemionce i polistyrenie. W roztworze GBICs są stosunkowo mało stabilne i 
ulegają częściowemu rozpadowi przy stężeniu soli pomiędzy 50 a 100 mM. W 
porównaniu z adsorpcją czystego PAA21-b-PAPEO14 adsorpcja GBICs zawierających 
ten blokowy kopolimer prowadzi do znacznie większej masy tego kopolimeru 
zaadsorbowanej na jednostkę powierzchni. To z kolei oznacza większą gęstość 
łańcuchów PEO na pokrytej powierzchni. Stabilność powłok z GBICs oraz ich wpływ 
na adsorpcję białek zależą od ich składu chemicznego oraz stabilności w roztworze. 
Powłoka GBIC-PAPEO14/P2MVP43 silnie redukuje adsorpcję białek na krzemionce i 
polistyrenie. W 100 mM roztworze NaCl redukcja adsorpcji białek przekroczyła 90%. 
Zaadsorbowana warstwa GBIC-PAPEO14/P2MVP43 może zostać częściowo usunięta 
z powierzchni podczas kontaktu z roztworem β-laktoglobuliny ponieważ 
β-laktolobulina tworzy rozpuszczalne kompleksy z P2MVPI43. Podobny efekt został 
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zaobserwowany podczas kontaktu powłoki z roztworem PAA21-b-PAPEO14. W 
roztworach o stężeniu soli większym niż 1 mM adsorpcja białek na powłoce 
GBIC-PAPEO14/P2MVP228 była większa niż na niepokrytej powierzchni. Różnica 
pomiędzy tymi dwoma układami, oraz własnościami powłok powstałych w wyniku ich 
adsorpcji, wynika ze stosunków długości bloków polianionowych i polikationowych w 
obu GBICs. Redukcja adsorpcji białek przez powłokę składającą się tylko z 
PAA21-b-PAPEO14 jest ograniczona. Szczepiony kopolimer PAA21-b-PAPEO14 
posiada hydrofobową grupę końcową, która zwiększa stopień agregacji GBICs. 
Dlatego agregaty te są znacznie większe niż C3Ms opisane we wcześniejszych 
rozdziałach, a ich średnice wynoszą odpowiednio: GBIC-PAPEO14/P2MVP43: 86 nm 
oraz GBIC-PAPEO14/P2MVP228: 105 nm. 
Kolejnym sposobem na znaczne zwiększenie gęstości szczotki polimerowej 
powstałej w wyniku adsorpcji kompleksów jonowych na powierzchniach stałych jest 
wykorzystanie szczepionych kopolimerów, z neutralnymi łańcuchami 
rozmieszczonymi losowo wzdłuż łańcucha głównego zawierającego grupy obdarzone 
ładunkami (polianion lub polikation), do tworzenia kompleksów. W Rozdziale piątym 
omówione zostały tworzenie oraz stabilność kompleksów jonowych (GICs) 
zbudowanych ze szczepionych kopolimerów oraz liniowych polielektrolitów w 
roztworze, oraz efekt zaadsorbowanej warstwy tych agregatów na adsorpcję 
β-laktoglobuliny, BSA oraz Lizozymu na krzemionce i polisulfonie. Omówione GICs 
zbudowane były ze szczepionego kopolimeru z anionowymi grupami AA oraz 
neutralnymi grupami APEO, (PAA28-co-PAPEO22), oraz polikationów: P2MVPI43 i 
PAH·HCl160. Średnica GIC-PAPEO22/PAH·HCl160 w roztworze była porównywalna do 
średnicy C3Ms omówionych w rozdziałach drugim i trzecim (22 nm), natomiast 
średnica GIC-PAPEO22/P2MVPI43 była znacznie mniejsza (8 nm). GICs okazały się 
wrażliwe na zmiany stężęnia soli w roztworze i ulegały częściowemu rozpadowi przy 
stężeniach soli przekraczających 10 mM NaCl. Gęstość szczotki polimerowej 
powstałej podczas adsorpcji GICs na powierzchniach krzemionki i polisulfonu była 
znacznie większa niż gęstość uzyskana podczas adsorpcji C3Ms: 
GIC-PAPEO22/PAH·HCl160: 1.6-1.9 łańcuchów/nm2, GIC-PAPEO22/P2MVPI43: 0.6-1.5 
łańcuchów/nm2. Powłoki powstałe w wyniku adsorpcji obu GICs bardzo silnie 
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redukowały adsorpcję białek na krzemionce (>90%). Wpływ tych powłok na 
adsorpcję białek na polisulfonie silnie zależał od składu chemicznego GICs oraz 
właściwości fizyko-chemicznych białek. Adsorpcja β-laktoglobuliny oraz Lizozymu 
została ograniczona w sposób umiarkowany (>60%). Adsorpcja BSA została 
całkowicie ograniczona przez GIC-PAPEO22/P2MVPI43, natomiast na warstwie 
GIC-PAPEO22/PAH·HCl160 była wyższa niż na powierzchni polisulfonu niepokrytej 
warstwą miceli. 
W Rozdziale szóstym szczegółowo omówione zostały struktura i tworzenie 
kompleksów jonowych omówionych w rozdziałach czwartym i piątym. Różnica 
pomiędzy szczepionymi kopolimerami wykorzystanymi do tworzenia tych 
kompleksów to rozkład grup neutralnych (APEO) i grup obdarzonych ładunkiem (AA) 
wzdłuż łańcucha głównego kopolimeru. W tym rozdziale połączyliśmy badania 
eksperymentalne (pomiary rozpraszania światła, LS) oraz obliczenia teoretyczne 
(Self Consistent Field Calculations). Wyniki pomiarów rozpraszania światła wykazały, 
że GBICs (~70-100 nm) są znacznie większe niż C3Ms opisane we wcześniejszych 
rozdziałach. Tworzenie GICs przebiega inaczej niż tworzenie C3Ms oraz GBICs, a 
ich wielkość zależy od długości wykorzystanego polikationu. Rozmiary GBICs oraz 
GICs nieznacznie malały podczas zmiany temperatury roztworu z 20 to 65˚C. W 
przypadku GICs oraz GBIC-PAPEO14/P2MVPI228, zmiany te były odwracalne, 
natomiast w przypadku GBIC-PAPEO14/P2MVPI43 zaobserwowano histerezę. Wpływ 
temperatury na rozmiary GBICs był większy niż na rozmiary GICs. Obliczenia 
teoretyczne sugerowały powstawanie stosunkowo niewielkich agregatów (~6 nm), 
których skład odpowiadał prawie całkowitemu zobojętnieniu ładunków w przypadku 
agregatów zbudowanych ze szczepionego kopolimeru blokowego, o rozdzielonych 
blokach neutralnym i polianoniowym, oraz liniowego polielekrolitu o podobnej 
długości jak blok polianionowy kopolimeru blokowego. Powstawanie miceli było 
utrudnione gdy grupy obdarzone ładunkami oraz grupy szczepione były 
rozmieszczone równomiernie wzdłuż łańcucha głównego kopolimeru (szczepiony 
kopolimer). Znacząca różnica pomiędzy rozmiarami GBICs wynikającymi z obliczeń a 
rozmiarami wyznaczonymi eksperymentalnie popiera tezę o zachodzącej agregacji 
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drugorzędowej. W niniejszym rozdziale zaproponowany został mechanizm tego 
procesu. 
W Rozdziale siódmym opisany został efekt tarcia na stabilność oraz funkcjonalność 
szczotek polimerowych powstałych w wyniku adsorpcji C3Ms i GICs na 
powierzchniach hydrofilowych i hydrofobowych. Omawiane kompleksy zbudowane 
były z bloków polianionowych (PAA) i polikationowych (P2MVPI43), oraz neutralnych 
(PVA lub PEO). Siła adsorpcji omawianych kompleksów jonowych na różnych 
powierzchniach, oraz ich odporność na tarcie były mierzone przy pomocy AFM 
(Atomic Force Microscopy). Eksperymenty w celkach przepływowych pozwoliły na 
zbadanie odporności powłok na długotrwały przepływ cieczy wzdłuż pokrytej 
powierzchni. Do badania adsorpcji BSA na powierzchniach pokrytych warstwą miceli 
po wystawieniu na tarcie wywołane przepływem wzdłuż pokrytej powierzchni została 
wykorzystana reflektometria. Otrzymane wyniki pokazały, że oddziaływania 
pomiędzy warstwami C3Ms oraz GICs a powierzchnią hydrofobową są słabe, co ma 
bezpośredni wpływ na ich stabilność i funkcjonalność. Warstwy kompleksów 
jonowych zaadsorbowane na powierzchniach hydrofilowych silnie redukowały 
adsorpcję BSA, również po ekspozycji na długotrwały stres. Warstwa 
zaadsorbowana na powierzchniach hydrofobowych nie ograniczała adsorpcji BSA na 
pokrytej powierzchni. Ze względu na słabe oddziaływania pomiędzy warstwą 
koacerwatu a powierzchnią hydrofobową struktura warstwy zaadsorbowanej 
(warstwa koacerwatu–szczotka) mogła zostac łatwo zniszczona pod wpływem tarcia. 
W Rozdziale ósmym omówione zostały możliwości praktycznego zastosowania 
kompleksów jonowych do tworzenia powłok na różnych powierzchniach. Ze względu 
na stosunkowo niską wytrzymałość mechaniczną oraz ograniczoną 
przepuszczalność wody przez zaadsorbowaną warstwę miceli, omówione kompleksy 
jonowe nie nadają sie do modyfikacji powierzchni membran używanych do 
oczyszczania wody. Mogą być jednak brane pod uwagę przy modyfikacji 
powierzchni, które nie muszą być przepuszczalne pod warunkiem, że zwiększona 
siła ich przylegania do modyfikowanych powierzchni. 
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